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Andrew D. Garrett:  Transformations of Nitrile, Amido,                                                       
and Imine Ligands in Tp′ Tungsten Complexes 
(Under the direction of Joseph L. Templeton) 
 
    Transformations of nitrogen-donor ligands bound to two similar tungsten moieties, 
[Tp′W(CO)2]+ and [Tp′W(CO)(PhC≡CMe)]+, have been investigated.  A variety of methods 
for formation of imido complexes in the [Tp′W(CO)2]+ coordination sphere are discussed 
including net hydride abstraction from an N-protio amido complex and electrophilic addition 
to a nitrido complex. The variable electron-donating ability of the alkyne ligand in the 
[Tp′W(CO)(PhC≡CMe)]+ coordination sphere is reflected in the isolation of intermediates in 
the stepwise reduction of acetonitrile and stepwise oxidation of benzylamine.  
Diasteroselective addition to imine ligands has been investigated. 
    A cationic tungsten(IV) acetonitrile complex, [Tp′W(O)(CO)(NCMe)]+, containing a σ-
bound nitrile ligand, has been synthesized.  Formation of the neutral tungsten(IV) η2-
acetonitrile complex, Tp′W(O)(I)(NCMe), has been confirmed based on 1H, and 13C NMR 
spectroscopy and reactivity patterns.  The η2-nitrile ligand may be replaced with CD3CN or 
phenylacetylene.  Column chromatography of Tp′W(O)(I)(NCMe) has produced an 
acylimido complex, Tp′W(O)(I)(NC(O)Me), in addition to a product of dimerization, 
Tp′(O)(I)WNC(Me)C(Me)NW(I)(O)Tp′.  Methylation of the η2-nitrile has been 
accomplished utilizing MeOTf to form an iminoacyl complex, 
[Tp′W(O)(I)(MeNCMe)][OTf]. 
 iii
    Cyclic amido and imine complexes of tungsten(II) have been synthesized utilizing 
pyrrolidine as substrate.  Oxidation of a pyrrolidine amido complex forms a 1-pyrroline 
complex.  Diastereoselective nucleophilic addition to the imine carbon has been 
accomplished using MeMgBr and Li[DBEt3] to form a 2-methylpyrrolidine complex 
(SWRC/RWSC) (>95:5 dr) and an α-deuterated pyrrolidine amido complex (high dr) 
respectively.  The second diastereomer (SWSC/RWRC) of the 2-methylpyrrolidine amido 
complex has been synthesized by hydride addition to a 2-methyl-1-pyrroline complex. 
    Three, four, and six-membered nitrogen heterocycle-ligated tungsten complexes have been 
synthesized and characterized in the [Tp′W(CO)(PhC≡CR)]+ (R = Me, Ph) coordination 
sphere.  Successful synthesis of aziridine complexes has been achieved at low temperature.  
A series of azetidine complexes have been synthesized and structurally characterized.  
Addition of a MeMgBr to a chiral cationic 1-azetine complex results predominantly in 
formation of one diastereomer (SWRC/RWSC) of the resulting 2-methylazetidine complex 
(96:4 dr).   Synthesis and X-ray characterization of a 2,3,4,5-tetrahydropyridine complex has 
been achieved.  Subsequent addition of base results in formation of an enamido complex.  
Addition of [D+] to the enamido β-carbon results in little diastereoselectivity in the formation 
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    New methods for the synthesis of organic nitrogen-containing compounds are of 
importance for their use in medical and pharmaceutical fields.  Often multiple stereoselective 
steps are essential for the nitrogen-containing molecule to produce the desired physiological 
effect.  The attachement of a precursor nitrogen-donor ligand to a chiral metal scaffold offers 
an opportunity to effect stereoselective reactions upon addition of the necessary reagents.  
This chapter will provide an overview of the reactivity of nitrogen-donor ligands bound to 
tungsten in both chiral, Tp′W(CO)(PhC≡CMe) [Tp′ = hydridotris(3,5-
dimethylpyrazolyl)borate], and achiral, Tp′W(CO)2, environments.  In these systems, 
nitrogen donor ligands bind to tungsten in a variety of ways (Figure 1.1).  Reactivity 
relationships between these complexes will be discussed.  This chapter provides a review of 


















Figure 1.1  Nitrogen-donor ligand nomenclature. 
 
 2
1.2 Nitrogen-Donor Ligands in the Tp′W(CO)2 System. 
 
    Much of the chemistry surrounding the Tp′W(CO)2 system involves either the formation or 
the use of amido and imido complexes.  Previously, N-protio amido ligands have 
demonstrated H-D exchange reactivity in the presence of benzene-d6,1 and a ruthenium 
amido complex, (PMe3)4Ru(H)(NH2), exhibited reactivity with ethyl bromide and 
carbodiimides to yield ethylamine and N-H insertion products, respectively.2  An iridium 
amido complex has been observed as a product of iridium insertion into an N-H bond of 
ammonia.3  Hydride removal from N-protio amido complexes can lead to imido complex 
formation.  Deprotonation of a methyl imido osmium complex to form a methylene amido 
complex,4  and Cl- induced cleavage of an arylimido ligand from a tetradentate calixarene 
tungsten complex have been reported as reaction pathways available to imido complexes.5  
Cleavage of a nitrene (or bent imido) ligand via trapping of W(CO)5(=NPh) with 
triphenylphosphine has been detected6 and tungsten imido complexes have been formed by 
oxidation of a zwitterionic nitrene precursor.7   
    Based on the CO stretching frequencies observed in the IR spectrum, a preliminary 
assignment of the type of N-donor ligand present in each tungsten dicarbonyl complex may 
be formulated.  Characteristic CO stretches for neutral azavinylidene complexes are in the 
region between 1925 and 1815 cm-1.  The comparatively stronger π-donor capability of an 
amido ligand gives rise to stretches between 1915 and 1785 cm-1, while typical CO stretches 
for cationic imido complexes are found between 2082 and 2000 cm-1.    
    A molecular orbital bonding diagram may help predict nitrogen-donor ligand orientations 
in a tungsten(II), d4, Tp′W(CO)2 system.  In the case of amido and azavinylidene complexes, 
the N-donor ligand is positioned along the z-axis, while the carbonyl ligands are aligned 90° 
 3
from each other, 45° between each axis in the x-y plane, allowing the filled dx2-y2 orbital to 
backbond with π* CO orbitals (Figure 1.2).8-10  Moving the carbonyl ligands toward one 
another to an acute angle of 74° further stabilizes the filled dxz orbital and allows donation of 
the nitrogen lone pair into the only vacant dπ orbital, the dyz orbital.  In terms of ligand 
orientations, this implies that in amido complexes the substituents will lie in the mirror plane, 
while an azavinylidene ligand would lie parallel to the plane of nitrogen-lone-pair donation.  
    The cylindrically symmetrical π donor imido ligand can approximate a triple bond.  The 
two sets of lone pair electrons on nitrogen can donate into the empty dyz and dxz obitals in 



















































Figure 1.2.  Qualitative molecular orbital diagram for Tp′W(CO)2(NRR′)/ 
Tp′W(CO)2(=NCRR′) complexes and orbital interactions in [Tp′W(CO)2(NR)]+ complexes.   
 
 4
    A neutral tungsten(II) amido complex, Tp′W(CO)2(NH2) (1a), can be formed by addition 
of ammonia to a CH2Cl2 solution of Tp′W(CO)2I (eq. 1).11  The 1H NMR spectrum of 1a 
displayed two broad signals at 13.5 and 11.6 ppm, assigned as the amido hydrogens.  At the 
temperature of coalescence (103 °C) the barrier to rotation was determined to be ∆G‡ = 17 
kcal/mol.  Treatment of a THF solution of 1a with lithium diisopropylamide (LDA) or tBuLi 
and subsequent addition of MeI produced dimethyl amido complex 1b (eq. 1).11  The amido 
methyl groups in 1b resonate at 3.30 and 2.16 ppm in the 1H NMR spectrum.  The crystal 
structure of 1b displays a planar amido ligand where one amido methyl group is proximal 
and equidistant to the two carbonyls, consistent with the above qualitative molecular orbital 



































1a 1b  
 
    Similar amido complexes may be synthesized using Tp′W(CO)3I as a reagent.  Addition of 
either aniline or tert-butylamine to a THF solution of Tp′W(CO)3I followed by reflux 
produced an amido complex, Tp′W(CO)2(NHR) (1c, R = tBu; 1d, R = C6H5) (eq. 2).12  
Complex 1c displays CO stretching frequencies at 1910 and 1782 cm-1 and an amido proton 
signal at 14.2 ppm in the 1H NMR spectrum, while aniline amido complex 1d shows IR 
absorptions at 1900 and 1786 cm-1 and an amido hydrogen resonance at 15.4 ppm.  Addition 
of iodine or trityl hexafluorophosphate, [Ph3C][PF6], resulted in net hydride abstraction from 
the amido nitrogen to form cationic imido complexes, [Tp′W(CO)2(NR)+], 2a (R = tBu) and 
2b (R = C6H5) (eq. 1).  Cationic complex formation is evidenced by the change in CO 










































    Tosyl amido complex 1e may be synthesized by reaction of the tricarbonyl hydride 
complex, Tp′W(CO)3(H),13 with tosyl azide, TsN3, in refluxing THF (Scheme 1.1).14  
Subsequent oxidation of 1e using AgOTf or iodine results in cationic imido complexes 2c,d.  
Upon addition of excess trimethylphosphine (PMe3), transfer of the imido ligand to PMe3 to 
form phosphinimine, TsN=PMe3, has been observed along with a cationic species with the 
formulation, [Tp′W(CO)2(PMe3)2][X].  Addition of PMe3 also results in replacement of one 



























































X = OTf (2e ), I3 (2f)
+ Ts=PMe3
 
   Addition of lithium borohydride to imido complex 2b at room temperature resulted in 
reformation of amido complex 1d.  Neutral formyl complex, Tp′W(CO)(C(O)H)(NPh), 2g 
was observed as an intermediate when a methylene chloride/acetonitrle (1:3) solution of 2b is 
reacted with excess lithium borohydride at -40 °C (Scheme 1.2).15  The 1H NMR spectrum of 
2g displays a resonance at 16.5 ppm with tungsten coupling of 20 Hz representing the formyl 
 6
hydrogen.  The strong CO stretch at 1948 cm-1 in the IR spectrum indicates neutral complex 
formation, while a weak absorption at 1680 cm-1 reinforces the presence of a formyl ligand.  
At -70 °C, the first-order rate of hydride migration from carbon to nitrogen was determined 
to be kobs = 7.2 х 10-6 s-1 with ∆G‡ = 16.5 kcal/mol to form a 1:1 ratio of isomers (under 
kinetic control at -70 °C) of amido complex 1d.  Crossover experiments revealed the hydride 
migration proceeded via an intramolecular process.  The analogous acyl complex, 
Tp′W(CO)(C(O)Ph)(NR) (2h) may also be synthesized through addition of PhMgBr to a 


































































    Closely related to imido complexes, terminal nitride complexes are useful in organic 
processes as a source of nitrogen.16  Nitrido derivatives have been seen as products of N2 
splitting via dinuclear scandium17 and molybdenum18 intermediates.  Group 6-8 terminal 
nitrido and imido complexes have recently been reviewed.19  Typically synthesized through 
oxidation of a metal in the presence of ammonia, or decomposition of a metal-azide, nitrido 
 7
complexes are prone to reaction with eletrophiles via the lone electron pair of the nitride 
ligand.19  A tungsten nitrido complex, NW(N[i-Pr]Ar)3, has been shown to undergo N for 
(O)Cl exchange upon addition of t-BuC(O)Cl to generate t-BuCN and W(O)(Cl)(N[i-
Pr]Ar)3.16 
    Nitrido complex 3, Tp′W(CO)2(N), was synthesized starting with amido and imido 
complexes.   Amido complex 1a may act as either a proton or hydride donor.  This reactivity 
is observed upon addition of [Ph3C][PF6] to 1a resulting in the formation of a 4:1 ratio of 
cationic imido complexes, [Tp′W(CO)2(NR)][PF6], (R = H, (2i), CPh3 (2j)) (Scheme 1.3).11  
The CO stretching frequencies of 2092 and 2017 cm-1 for 2i, and 2083 and 2008 cm-1 for 2j, 
one similar to the range of CO frequencies seen for complexes 2g and 2h.  Reaction of imido 
complex 2i with a variety of bases resulted in deprotonation of the imido ligand to form a 
complex with IR absorptions at 2035 and 1938 cm-1, that resisted isolation.  This result 
indicated formation of a new neutral complex consistent with nitrido complex, 
Tp′W(CO)2(N) (3).  Complex 3 can also be synthesized through direct deprotonation of 
amido complex 1a or by [(Ph3P)2N][N3] addition to a CH2Cl2 solution of Tp′W(CO)2(I) at -
78 °C.20  Reaction of 3 with HBF4 or [Ph3C][PF6] yields imido complexes 2i and 2j, 
respectively (Scheme 1.3).  Nitrido complex 3 also reacts with methyl triflate (MeOTf) 
followed by counterion exchange to generate methyl imido complex 2k which displays an 
imido methyl singlet at 3.67 ppm (3JWH = 10 Hz).  Further reactivity of complex 3 with 
electrophiles includes the addition of one equivalent of acetyl chloride (ClC(O)CH3) to a 
THF solution of 3 at -50 °C to produce the neutral, chiral, tungsten(IV) acylimido complex 2l 

























































































    Transformations of η1-nitrile complexes containing a simple W-N dative bond are 
possible.  Metal-bound nitriles are subject to nucleophilic attack at the nitrile carbon to form 
azavinylidene complexes, as described for multiple nitrile complexes in a recent review.21  
Exchange of tungsten-coordinated acetonitrile with various alkyl and aryl nitrile reagents has 
been observed by Baker et.al.22  Arylnitrile ligands in cis-[ReCl(NCAr)(dppe)2] have also 
been shown to undergo β-electrophilic attack to form azavinylidene complexes as described 
by Pombeiro et. al.21,23  Azavinylidene complexes are useful precursors due to reactivity with 
nucleophiles at the β position as well as possible electrophile addition to the nitrogen lone 
pair.  Leigh et. al. previously synthesized methyleneamido (azavinylidene) complexes of 
rhenium, which when reacted with HCl formed imido complexes.24       
    Reaction of Tp′W(CO)3I with AgBF4 in the presence of acetonitrile or benzonitrile 
produced cationic nitrile complexes 4a and 4b, respectively (Scheme 1.4).8  Addition at the 
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nitrile carbon occurs upon reaction with a variety of nucleophilic reagents (NaBH4, NaOMe, 










































































    An alternate method for the synthesis of neutral azavinylidene complexes stems from 
photolysis of a tungsten hydride complex, Tp′W(H)(CO)3, in THF in the presence of the 
desired nitrile.8  The nitrile N≡C triple bond inserts into the W-H bond to form the 
azavinylidene products, 5c-e (eq. 3).  The IR spectra of 5c-e display CO stretching 
frequencies around 1925 and 1810 cm-1, while the 1H NMR spectra show azavinylidene β-
protons near 3.10 ppm with 3JWH = ~6 Hz.  The crystal structure of 5e displays a nearly linear 
(166.6°) W-N-C backbone where the azavinylidene substituents lie perpendicular to the plane 




























    Imido complexes can be formed through the addition of an electrophile to the 
azavinylidene carbon, similar in reactivity of the aforementioned neutral amido complex 1c.  
Reaction of azavinylidene complexes 5c-e with HBF4 or [Ph3C][PF6] in CH2Cl2 at 0 °C 
resulted in formation of cationic imido complexes 2m-o and 2p-r (Scheme 1.5).8  Addition of 
MeOTf to 5c resulted in no reactivity suggesting a radical mechanism in the analogous 

















































    In situ addition of an amine, NH2R (R = H, nBu) to an acetonitrile solution of cationic 
tricarbonyl acetonitrile complex 4a resulted in tungsten metallacycle formation.25  The 
formulation of the products was determined to be neutral acyl-imine metallacyclic complexes 
6a,b based on IR and NMR analysis (Scheme 1.6).  Carbonyl stretching frequencies for 6a 
(1938, 1834 cm-1) and 6b (1931, 1828 cm-1) are indicative of neutral complex formation.  
The tungsten bound NH proton is found around 7.15 ppm in the 1H NMR spectrum for 6a,b, 
while the proton on the nitrogen β to tungsten resonates at 11.74 ppm.  Electrophile addition 
to metallacyclic complexes 6a,b resulted in cationic metallacyclic carbene-imine complexes 
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7a-d (Scheme 1.6).  Addition of HBF4 to 6a,b results in H+ addition to the acyl moiety to 
form hydroxyl-carbene complexes 7a,b (νCO = 1985 and 1885 cm-1) and MeOTf addition 
results in the analogous methoxycarbene complexes 7c,d (νCO = 1995 and 1900 cm-1).  An 
unusual cyclic amido complex, 1f, was prepared by addition of NH2tBu to cationic 
acetonitrile complex 4a (Scheme 1.6).  The mechanism for formation of 1f is unknown, 
however, initial formation of a metallacycle similar to 6a,b followed by a sequence of 
reactions resulting in net loss of H2 is easily envisioned.  The IR spectrum of 1f displays CO 
stretches at 1916 and 1785 cm-1 and the inequivalent geminal protons of the vinyl moiety 







































































R = H (6a), Me (6b) R = H (7a), Me (7b)




    Introduction of η2-phenylacetylene, PhC≡CH, into the Tp′W(CO)2+ coordination sphere 
leads to reactivity of the PhC≡CH ligand itself with primary amine reagents.9  Addition of 
AgBF4 to a CH2Cl2 solution of Tp′W(CO)3I in the presence of excess phenylacetylene 
produced the cationic alkyne complex, [Tp′W(CO)2(PhC≡CH)][BF4] (8a) (Scheme 1.7).9,26  
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As an example of phenylacetylene reactivity in this system, a THF solution of 8a was treated 
with excess benzylamine, NH2CH2Ph, to afford vinyl amido complex 1g, 
Tp′W(CO)2(N(CH2Ph)C(H)=C(H)Ph).  Subsequent addition of [Ph3C][BF4] resulted in 
removal of the benzyl group to produce cationic vinyl imido complex, 
[Tp′W(CO)2(NC(H)=C(H)Ph)][BF4] (2s).  Hydride addition to 2s using LiBH4 in THF 
yielded two products, azavinylidene complex 5f and vinyl amido complex 1h in a 6:1 ratio, 
































































































1.3 Nitrogen-Donor Ligands in the Tp′W(CO)(PhC≡CMe) System.  
   
    When alkyne ligands are integrated into a tungsten(II) d4 system, they promote versatile 
reactivity due to the variable degrees of electron donation they provide.  NMR and X-ray 
analysis may be used to determine the extent of π-electron donation from the alkyne ligand.  
Cationic amine or imine complexes containing a tungsten-nitrogen dative bond typically 
display alkyne carbon signals between 212 and 217 ppm in the 13C NMR spectrum indicating 
a four-electron donor alkyne ligand.  For neutral amido or azavinylidene complexes, the 
alkyne carbon signals resonate between 156 and 180 ppm in the 13C NMR spectrum, a 
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significant upfield shift indicating less π-electron donation to the metal due to competition 
with the nitrogen-donor ligand.  Tungsten-nitrogen orbital interactions in the tungsten(II) d4 
Tp′W(CO)(PhC≡CMe) system are similar to those seen in Figure 1.2.  For amido and 
azavinylidene complexes, placing a carbonyl ligand along the z-axis stabilizes the z-
containing dπ orbitals (Figure 1.3).  Alignment of the alkyne ligand on the y-axis parallel to 
CO allows for donation from alkyne π|| to the single empty dxy orbital while the filled dyz 
orbital is stabilized through back-donation to the alkyne π⊥ orbital.  Finally, nitrogen lone-
pair donation into the empty dxy orbital dictates that, in amido complexes, the amido ligand 
will align parallel to the CO and alkyne ligands, while azavinylidene substituents will lie 



































Figure 1.3.  Qualitative molecular orbital bonding diagram for 
Tp′W(CO)(PhC≡CMe)(NRR′) and Tp′W(CO)(PhC≡CMe)(=N=CRR′) complexes.  
  
    Alkyne ligands used in the Tp′W(CO)(PhC≡CMe) system include diphenylacetylene, 2-
butyne, and the aforementioned phenylacetylene.  The alkyne ligand most commonly found 
in the following complexes is phenylpropyne, PhC≡CMe, so the starting material used for the 
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reactions in this section is either Tp′W(CO)(I)(PhC≡CMe) (8b) or 
[Tp′W(CO)2(PhC≡CMe)][X] (8c).26,30  Introduction of a nitrile ligand into the coordination 
sphere using either of these starting materials is simple.  Addition of AgBF4 to a CH2Cl2 
solution of 8b in the presence of acetonitrile, or refluxing an acetonitrile solution of 8c for 1 
h resulted in abstraction of the iodide ligand followed by nitrile coordination, or nitrile 
coordination upon loss of CO, respectively, to form the cationic acetonitrile complex 9a 












































    The synthesis of complex 9a allows for an extended series of reactions in the stepwise 
reduction of coordinated acetonitrile.27,31  Reduction of tungsten-bound acetonitrile has been 
investigated.32  Hydride addition to 9a yielded the neutral azavinylidene complex 10a 
(Scheme 1.9), similar to the reactivity of nitrile complex 4a (vide supra).  Subsequent 
addition of HBF4 to 10a did not yield the imido derivative as demonstrated in the Tp′W(CO)2 
system, but produced cationic η1-imine complex 11a via protonation of the azavinylidene 
nitrogen.  The next step of the reaction sequence involves hydride addition to the imine 
carbon of 11a using LiHBEt3 to give amido complex 12a.  Further addition of HBF4 yielded 
cationic ethylamine complex 13a.  Finally, HBF4 addition to 13a in the presence of 
acetonitrile resulted in reformation of 9a with simultaneous ethylammonium salt formation 
and the cycle was completed (Scheme 1.9).  All of the complexes in this cycle were isolated 


















































































    Complimentary to the stepwise reduction of acetonitrile is the stepwise oxidation of 
benzylamine (Scheme 1.10).29  Deprotonation of benzylamine complex 13b using nBuLi 
resulted in amido complex 12b.  Oxidation of 12b using iodine produced imine complex 11b.  
A second deprotonation with nBuLi converted 11b to azavinylidene complex 10b.  The final 
step in the sequence to complete the oxidation of benzylamine included reaction with AgBF4 














































































    Amine reagents were added to cationic nitrile complexes in an analogous fashion to the 
Tp′W(CO)2 system.  In a representative experiment, ammonia gas was added to a THF 
solution of acetonitrile complex 9c, which produced cationic imine complex 11c via net H-N 
addition across the nitrile triple bond instead of metallocycle formation (eq. 6).33  
Metallacyclic complexes were observed, however, upon addition of aqueous ammonia to 










































    Synthesis of imido complexes in the Tp′W(CO)(PhC≡CMe) coordination sphere is also 
possible.34  Addition of iodine in the presence of base with subsequent addition of NaBAr′4 to 
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aniline amido complex 12c resulted in formation of imido complex 14a (Scheme 1.11).  The 
reverse reaction was completed upon addition of one equivalent of KBH4 to an acetonitrile 
solution of 14a.      Imido complex 14a displays alkyne carbon signals at 138.0 and 141.1 
ppm in the 13C NMR spectrum, approximately 15 ppm upfield from the typical imido 
complex alkyne carbon signal (154 ppm).  The strong π electron donating ability of the 
phenyl imido ligand is reflected in the upfield alkyne signals indicating possible two-electron 
donor behavior.  When reacted with excess KBH4 in acetonitrile, 14a was converted to 
neutral tungsten-hydride complex 14b.  Protonation of 14b using HBAr′4 yielded amido 
complex 12d.  When the nucleophilic alkyl reagent PhLi was added to a CD2Cl2 solution of 

































































    Net hydride abstraction from an amido complex, protonation of an azavinylidene complex, 
addition of gaseous ammonia to an acetonitrile complex, and amine addition to an 
acetonitrile complex have been employed to synthesize imine-containing complexes.    
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Complexes containing η1-imine ligands are subject to nucleophilic attack at the imine carbon 
to form amido complexes.28,35-37  When tethered to a chiral metal center, nucleophile addition 
can be diastereoselective.38,39  It was determined that if a reagent such as KCN was added to 
11e instead of, diastereoselective -CN addition to the imine carbon occurred to form amido 
complex 12e (eq. 5).30  After acidification of 12e to form the analogous amine complex, 
protonation in the presence of acetonitrile reproduced 9a with retention of configuration at 
tungsten as determined by optical rotation measurements.  Of equal note is the resolution of 
diastereomers of an amido complex.  Addition of an optically pure sample of (S)-(-)-α-
methylbenzylamine, to a refluxing THF solution of triflate complex 8d resulted in a 1:1 
mixture of two diastereomers of an amido complex, (-)-12f-(RS) and (+)-12f-(SS) (eq. 6).  
These diastereomers were separated by fractional crystallization from CH2Cl2/hexanes at -35 
°C.  The crystalline material was determined to be (-)-12f-(RS), while (+)-12f-(SS) remained 


















































































































    When a nucleophilic hydride source is added to imine complexes that contain both E and Z 
isomers, the E/Z ratio of the starting imine complex can affect the product distribution.  
Addition of Na[HBEt3] to a CD2Cl2 solution of methyl/ethyl imine complex 11e yielded a 
mixture of diastereomers of amido complex 12g, and the deprotonation product, 
azavinylidene complex 10c (Scheme 1.12).40,41  When an E/Z ratio of 80:20 for 11e was used, 
a 75:25 ratio of 12g to 10c was observed, however a 94:6 diasteromer ratio (SS/RR:RS/SR) in 
amido complex 12g  was apparent.  Slightly higher diastereoselectivity in 12g, 96:4 
(SS/RR:RS/SR), has been achieved upon increasing the E/Z ratio of 11e to 93:7.  Less 
deprotonation was also observed (82:18 for 12g:10c).  Further kinetic studies elucidated the 
origin of the observed ratios.  Slow deprotonation of 11e would be expected for the E isomer 
due to the proximity of the ethyl group to the imine hydrogen allowing hydride addition to 
dominate.  The Z isomer, however, has a methyl group cis to the imine proton allowing easier 
access for deprotonation.  Differentiation between methyl and ethyl groups was observed 








































1.4  Summary 
    Reactivity patterns for nitrogen-donor ligands in two similar systems have been 
investigated.  In the Tp′W(CO)2 system, net hydride abstraction from an N-protio amido 
complex yields the analogous cationic imido complex.  Imido complexes may also be 
prepared via electrophilic addition to a nitrido complex.  Nucleophilic addition to nitrile 
complexes results in the analogous azavinylidene complex.  Subsequent electrophilic 
addition, also at carbon, produces an imido complex.  A variety of N-donor ligated 
complexes can also be isolated using the Tp′W(CO)(PhC≡CMe) framework as evident in the 
isolation of intermediates in the stepwise reduction of acetonitrile and stepwise oxidation of 
benzylamine.  The presence of a variable electron-donating alkyne ligand assists in 
stabilizing these intermediates.  Diasteroselective addition of CN- to an imine complex 
produced separable chiral amido complex diastereomers.  The product distribution in the 
diastereoselective addition of hydride to an imine complex is dependent on the E/Z ratio of 
the starting imine.    
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Coordination and Reactivity of Acetonitrile in Tungsten(IV) Complexes: Oxidation, 




    Transition metal nitrile complexes are ubiquitous in organometallic chemistry as versatile 
precursors for a variety of chemical transformations.1  Additionally, functionalization of 
nitrile substrates is a valuable route to nitrogen containing compounds.  Activation of an 
organonitrile molecule by coordination to a metal center is one method for promoting 
chemical elaboration of nitrile substrates.2  Stepwise reduction of acetonitrile bound to a 
metal center is representative of the reaction sequences accessible beginning with 
coordinated nitrile ligands.3  Upon coordination to a chiral tungsten metal center, acetonitrile 
may be systematically reduced by alternate addition of hydride anions and protons to the 
nitrile ligand to generate intermediates including azavinylidene and imine complexes.  
Addition to imine ligands has been shown to be stereoselective in multiple cases.4  The 
synthesis of chiral amines from nitrile reagents is of widespread importance in organic 
chemistry.5   
    The vast majority of transition metal nitrile complexes display simple σ-coordination of 
the nitrile ligand to the metal through the nitrogen lone pair,1 but a number of complexes 
exhibiting η2-coordination of nitrile ligands are also known.  Although rare compared to σ-
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coordination, binding of the nitrile through the N≡C triple bond, in an η2-coordination, is 
well established.6-11,15  
    When bound to a metal center through the C≡N triple bond, a nitrile ligand may act as both 
a π-acid ligand and as a π-base ligand in analogy to alkyne ligands.12  One of the C≡N triple 
bond π-orbitals may donate electron density into a metal dπ orbital while a perpendicular 
C≡Nπ* orbital may accept electron density from a different metal dπ orbital.13   
    Several insightful early reports identifying η2-nitrile complexes were based on infrared 
spectroscopy.  While σ-coordination of a nitrile ligand usually causes the frequency of ν(NC) 
to increase slightly relative to the free ligand,1 upon η2-coordination to a metal the ν(NC) 
stretching frequency drops to dramatically lower wavenumbers. A common complication, 
however, is that the infrared absorption coefficient of η2-bound nitrile ligands is often small, 
and frequently the ν(NC) stretch cannot be observed and identified unambiguously in the IR 
spectrum.7e  
    In addition to IR spectroscopy, NMR spectroscopy can help distinguish between nitrile 
coordination modes. In the 1H NMR spectrum, methyl singlets for σ-bound acetonitrile have 
typically been observed in the 2–3 ppm range; recall that the signal for the free acetonitrile 
appears at δ 1.94 ppm.  For η2-bound acetonitrile the methyl resonances may be shifted 
further downfield, by roughly one or two ppm, so that proton NMR signals for the nitrile 
methyl group of η2–acetonitrile complexes are commonly observed between 3 and 4 ppm.6-11  
A nice example is provided by the two isomeric [MoCl(NCMe)(dmpe)2]+ complexes 
reported by Wilkinson and co-workers,7e where the nitrile methyl signal was observed at 2.10 
ppm for σ-coordination while the η2-coordination mode produced a methyl resonance at 3.20 
ppm.  Because the ranges for σ- and η2-coordination can overlap significantly in some cases, 
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interpretation of the 1H NMR chemical shift for nitrile ligands should be considered as 
indicative rather than as definitive.  A recent well documented η2–acetonitrile complex of 
nickel exhibits a methyl signal at 2.42 ppm, so no simple line of demarcation is provided by 
1H NMR spectroscopy.15a  Supplemental characterization, such as by 13C NMR, is generally 
required for decisive assignment of nitrile coordination modes.  
    For transition metal alkyne complexes the 13C NMR chemicals shifts of the coordinated 
carbons have been used to assess the extent of electron donation from alkyne ligands.12  
Analogous to this technique, 13C NMR spectroscopy may be used to discern nitrile 
coordination modes and electronic structure in nitrile complexes.  In 1991, Green et al.6c 
exploited the utility of 13C NMR spectroscopy for the detection of η2-nitrile ligands.  In 
complexes with σ-bound nitrile ligands the nitrile carbon resonates in the range of 120–150 
ppm. In contrast, complexes possessing η2-nitrile ligands that act as formal two-electron 
donors have 13C shifts between δ 160 and 180.6,7  Here again the nickel system provides an 
example near the overlap region in that the nitrile carbon of (dippe)Ni(η2-CH3CN) resonates 
at 160 ppm, not far from the sigma bond range.15a  
    Akin to alkyne ligands, η2-nitrile ligands may serve as variable electron donors (2–4 
electrons).  A number of tungsten complexes are known in which the nitrile ligand acts as a 
formal four-electron donor, and the nitrile carbons in these complexes resonate between 230 
and 240 ppm.8-10  More recently, Etienne has reported η2-nitrile complexes of niobium in 
which the η2-nitrile acts as a formal three-electron donor ligand.11  Carbon-13 chemical shifts 
for these three-electron donor ligands are between 175 and 185 ppm.11   
    X-ray crystallography remains the definitive characterization technique for identifying η2-
nitrile complexes.7-10,15  X-ray characterization of (Cp)2 Mo(NCMe) in 1986 showed η2-
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coordination of the nitrile moiety in which the nitrile methyl group was bent away from the 
metal center at an angle of 138° relative to the C≡N bond.7g  The R–C≡N moiety in this 
structure resembles the R–C≡C fragments found in η2-alkyne complexes.12 Other η2-nitrile 
structures display this same type of bent nitrile ligand geometry.7-10,15   
    Relatively little is known about the chemistry of transition metal η2-nitrile complexes. In 
recent years they have been utilized in the investigation of C–C bond cleavage reactions.  
Parkin and co-workers formed molybdenum methyl cyanide products from acetonitrile and 
ansa-molybdenocene reagents.14  In a particularly complete study, Garcia and Jones have 
reported equilibria between an η2-nitrile nickel(0) complex, (dippe)Ni(η2-ArCN), and a C–C 
bond cleavage product containing a Ni(Ar)(CN) fragment.15  Transition metal η2-nitrile 
complexes have been suggested as possible intermediates in other C–C bond16 and C–H bond 
activation reactions.17  
    This paper reports the synthesis and spectroscopic characterization of W(IV) acetonitrile 
complexes.  The acetonitrile ligand in one of these complexes, believed to be η2-coordinated, 
is capable of adding oxygen, undergoing reductive C–C bond formation, or serving as a 
nucleophile toward methyl triflate.  
 
2.2   Results and discussion 
 
2.2.1   A cationic tungsten(IV) nitrile complex 
    Reaction of purple Tp′W(O)(CO)(I) (1) with 1 equiv. of AgOTf in methylene chloride 
over 1 h generates a red solution containing the triflate complex Tp′W(O)(CO)(OTf) (2) (eq 
1).  Associated with this reaction is a small shift of the carbonyl stretching frequency from 
ν(CO) = 1991 cm−1 for the starting material to ν(CO) = 1996 cm−1.  The 1H NMR displays 
three methine and six methyl signals consistent with Tp′ bound to a chiral metal center.  The 
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19F NMR shows a singlet for the triflate CF3 group at −77.1 ppm. The carbonyl carbon and 
trifluoromethyl carbon appear at 271.4 and 119.6 ppm (1JCF = 320 Hz), respectively. Under 
aerobic conditions complex 2 decomposes rapidly in solution, while it decomposes slowly, 
over a period of days, in the solid state.  Under an inert atmosphere the complex is stable in 



















Triflate complex 2 reacts cleanly with acetonitrile.  Room temperature dissolution of the 
red triflate complex 2 in acetonitrile results in a deep purple solution of the cationic nitrile 
complex [Tp′W(O)(CO)(NCMe)][OTf] (3) (eq 2).  The IR spectrum of this solution shows a 
shift of the CO stretching frequency from 1996 cm−1 in the starting material to 2023 cm−1 in 
the product, consistent with formation of a cationic complex.  The 1H NMR of the solution 
shows signals typical of a Tp′ ligand in a chiral environment and an additional methyl signal 

















Isolation of this cationic complex has proven difficult.  Either removal of solvent by 
vacuum evaporation or attempts to induce precipitation with non-polar solvents results in 
regeneration of the precursor triflate complex 2.  Replacement of the triflate anion with a 
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larger and less nucleophilic anion might allow isolation of the cationic complex and allow 
comparison with independently synthesized [Tp′W(O)(CO)(NCMe)][BAr′4] prepared by 
acidification of Tp′W(O)(CO)(Me) in acetonitrile.18  Indeed, metathesis of the triflate 
counterion by the large, non-coordinating anion tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate, [BAr′4]−, yields the readily isolable salt 
[Tp′W(O)(CO)(NCMe)][BAr′4] (4) (eq 3).  The IR spectrum of 4 also shows the CO 
stretching frequency at 2023 cm−1.  Proton NMR characterization of 4 immediately after 
















3 4  
    Crystals suitable for X-ray structural characterization (see Table 1) were grown by 
diffusion of pentane into a concentrated methylene chloride solution of 4 (Figure 2.1).  In the 
solid state structure of 4 the nitrile ligand is coordinated to the tungsten metal center in an σ-
fashion, with a nearly linear acetonitrile N(4)–C(5)–C(6) skeleton (173.9°).  The W(1)–N(4) 
and N(4)–C(5) bond lengths are 2.017 and 1.197 Å, respectively (see Table 2.1).  The 13C 
NMR spectrum of the crystals of 4 show the nitrile carbon at 153.5 ppm.  This value is near 
the border at the low end of the chemical shift range typical of simple nitrile σ-donor ligands, 
but it is nonetheless consistent with the presence of a σ-bound nitrile ligand, and likewise for 
the proton signal at 3.07 ppm.  Thus for the cationic W(IV) complex only σ-bound 
acetonitrile has been observed.  Replacement of the acetonitrile ligand in 4 by other neutral 




Figure 2.1  ORTEP diagram of [Tp′W(O)(CO)(NCMe)]+ (4).  
2.2.2 Neutral nitrile complexes 
    Photolysis of purple-pink W(IV) reagent 1 in acetonitrile for 3 h results in the formation of 
a dark orange solution that shows no terminal carbonyl absorbances in the IR spectrum.  
Photolytic excitation, loss of the CO ligand, and subsequent coordination of acetonitrile 
would yield the neutral tungsten complex, Tp′W(O)(I)(NCMe) (5) (eq 4).  The 1H NMR of 
the orange reaction product shows signals indicative of Tp′ bound to a chiral metal center and 
an additional signal at 3.85 ppm for a nitrile methyl group (cf. 3.07 ppm for cationic nitrile 
complex 4).  In the 13C NMR spectrum the nitrile carbon resonates downfield at 184.8 ppm 
(cf. 153 ppm for cationic nitrile complex 4).  The downfield shift of both the methyl group in 
the 1H NMR spectrum and the nitrile carbon in the 13C NMR spectrum point toward η2-






















Reaction chemistry of η2-nitrile complexes has not yet been extensively probed.  As 
mentioned above, removal of acetonitrile from cationic complex 4 is not easily 
accomplished.  Removal of the nitrile ligand in neutral nitrile complex 5, however, is facile.  
Spectroscopic observation of protio-acetonitrile complex 5 in CD3CN at room temperature 
reveals slow exchange of the unlabeled nitrile for the deuterated nitrile.  In a related W(II) 
system reported by Young, phenylacetylene displaced acetonitrile in Tp′W(I)(CO)(MeCN).9a  
For the tungsten(IV) oxo complex 5, the nitrile ligand may be replaced by phenylacetylene in 
refluxing THF to give the complementary alkyne complex Tp′W(O)(I)(PhC≡CH) (8) (eq 5).  
The 1H NMR spectrum of the reaction mixture, with signature signals for terminal alkyne 
ligands at 12.3 and 11.0 ppm, shows a 1:1.5 ratio of isomers of complex 8.  These two 
isomers, related by alkyne rotation, can be separated by column chromatography.  Refluxing 
a single isomer in toluene for two days shows no appreciable conversion to the other isomer, 
indicating that the barrier to alkyne rotation is >30 kcal/mol.  Note that the barrier to alkyne 





























    Attempts to purify neutral nitrile complex 5 by column chromatography were 
unsuccessful.  However, one red band collected during chromatography on alumina showed 
signals for a new Tp′ tungsten complex as well as an additional methyl signal intermingled 
among the Tp′ methyl signals.  Crystals of the red complex were grown (see Table 2.3), and 
an X-ray structure was obtained (Figure 2.2) which identified the unknown complex as the 
acylimido complex Tp′W(O)(I)(NC(O)Me) (6) (eq 6).  Since complex 5 does not react with 
water or alumina under anaerobic conditions, acylimido complex 6 may result from the 
reaction of 5 with oxygen.  The product reflects net addition of a single oxygen atom to the 
























Figure 2.2  ORTEP diagram of Tp′W(O)(I)(NC(O)Me) (6).  
    Young and co-workers previously isolated an acylimido complex of tungsten(IV) which 
formed via oxidation of coordinated nitrile.19  Treatment of Tp′W(CO)(I)(η2-NCMe) with 
pyridine N-oxide resulted in oxygen atom transfer to the nitrile carbon to form 
Tp′W(CO)(I)(NC(O)Me).19  A similar TpW(CO)(Cl)(NC(O)Me) acylimido tungsten(IV) 
complex formed by acylation of a terminal nitride ligand has also been reported.20  Note that 
the Tp′W(O)(I)(=NC(O)Me) product (6) formed here is a tungsten(VI) d0 complex with an 
oxo ligand in place of the carbonyl ligand present in the acylimido complex prepared by 
Young.19 Spectral similarity between some η2-nitrile ligands and the acylimido fragment in 
[W=NC(O)CH3] in both 1H (CH3 signal around 3–4 ppm) and 13C (acyl C-13 signal around 





2.2.4 Reductive coupling 
    In addition to the acylimido complex formed during chromatography of neutral complex 5 
on alumina, a second complex was identified from the chromatographed reaction mixture by 
X-ray characterization.  This second complex was identified as the tungsten dimer 
Tp′(O)(I)W(NC(Me)C(Me)N)W(I)(O)Tp′ (7) (Figure 2.3).  Reductive coupling of nitrile 
ligands has been observed in a number of complexes.21-23  Dimerization of nitrile complexes 
can yield a bridging [NC(Me)]2 ligand that has two possible formulations, either [anti-
butane-2,3-diimino]2−, or [(E)-butene-2,3-diimido]4− (Figure 2.4).  The two ligand 
formulations differ by two electrons and as such are not related by resonance structures.  
Four-electron reduction to form an enediimido tetraanion linkage from two acetonitrile 
ligands has been observed more often,22 but there are several examples in the literature of 
diiminato dianion bridges resulting from two electron reductive coupling of acetonitrile.21,23  
 




















Figure 2.4  Possible products from reductive coupling of acetonitrile. 
    In dinuclear complex 7, the W(1)–N(2) bond length of 1.791 Å is much shorter than 
typical W–N single bonds to the Tp′ ligand (2.1–2.3 Å) (Table 2.4) and is indicative of 
multiple W–N bond character.  The N(2)–C(3) bond length was found to be 1.365(16) Å 
while the newly formed C(3)–C(3) bond is 1.37(3) Å in length.  Based on these bond lengths 
and compatibility with a W(VI) d0 formulation, the bridging ligand in 7 is best described as 
adopting an [(E)-butene-2,3-diimido]4− configuration, i.e. a four-electron reductive coupling 
product.  
2.2.5 Methylation 
    Addition of 1 equiv. of MeOTf to a methylene chloride solution of neutral nitrile complex 
5 generates the cationic iminoacyl complex, [TpW(O)(I)(MeNCMe)][OTf] (9) (eq 7).  
Complex 9 exists as two isomers in approximately a 5:1 ratio.  The major isomer of 9 shows 
signals for the iminoacyl methyl groups at 4.31 and 3.88 ppm.  Two-dimensional NMR 
spectroscopy indicates that the signal at 4.31 ppm is due to the methyl group bound to the 
nitrogen while the 3.88 ppm signal is assigned to the methyl group bound to the carbon. In 
the 13C NMR spectrum, the iminoacyl carbon is observed at 210.6 ppm.  The minor isomer of 
9 shows the methyl bound to the nitrogen shifted downfield to 4.92 ppm and the methyl 



































    The iminoacyl ligand is isoelectronic with an alkyne ligand and will coordinate to the d2 
metal center such that the plane of the iminoacyl ligand is perpendicular to the W=O bond 
(Figure 2.5).  When bound to the Tp′W(O) fragment the iminoacyl ligand can accept electron 
density into a C=N π*-orbital from the occupied dxy orbital while donating electron density 
into the unoccupied dxz orbital from a C≡N π-orbital.  In this configuration, perpendicular to 
the W=O bond, one of the methyl groups of the iminoacyl ligand is placed between two of 
the pyrazole rings and consequently would experience an upfield shift in the 1H NMR 
spectrum.  Presumably, the major isomer of 9 has the nitrogen methyl group positioned 





















Figure 2.5  Qualitative molecular orbital interactions in [Tp′W(O)(I)(MeNCMe)][OTf] (9). 
    Iminoacyl ligands have been observed in a number of organometallic complexes.   
Typically these complexes are formed either through the insertion of an isocyanide ligand 
into a metal–alkyl bond or via electrophilic attack of an alkylating reagent on an isocyanide 
 37
ligand.25  The reaction of methyl triflate with an η2-nitrile reported here is analogous to 
Parkin’s report of methylation of the nitrogen of a π-bound nitrile ligand in the reaction of 
(CptBu)2Mo(NCMe) with MeI to generate the iminoacyl complex 
[(CptBu)2Mo(MeNCMe)][I].26  Addition of a proton to an η2-nitrile three-electron donor 
ligand was postulated by Etienne as the first step along the route to a metallacyclic product 
reflecting coupling of the intermediate iminoacyl with an adjacent alkyne ligand.11b    
    Iminoacyl complex 9 could result either by initial methylation at the metal center to give 
[Tp(O)(I)W(Me)(NCMe)]+ and subsequent rearrangement to form iminoacyl complex 9 or, 
more likely, by direct electrophilic attack of the [Me+] reagent at the nitrile nitrogen.  When a 
nitrile ligand is coordinated in a σ-fashion the nitrogen lone pair is bound to the metal center, 
and the nitrile carbon is activated towards nucleophilic addition.  Less common, but now well 
established, is electrophilic attack at the nitrile carbon of a σ-bound nitrile ligand.27  In 
contrast, when a nitrile ligand is bound in an η2-fashion the nitrogen lone pair is accessible, 
and electrophilic attack of the [Me+] reagent can be easily envisioned.  
2.3  Summary 
    The cationic tungsten(IV) acetonitrile complex [Tp′W(O)(CO)(NCMe)]+ exhibits a σ-
bound nitrile ligand and is representative of this large class of transition metal nitrile 
complexes.  In contrast, the neutral tungsten(IV) acetonitrile complex Tp′W(O)(I)(NCMe) 
exhibits downfield shifts of both the 1H and 13C NMR signals for the acetonitrile ligand 
which may be indicative of an η2-bound ligand.  Slow displacement of the η2-nitrile ligand in 
5 has been observed with both CD3CN and phenylacetylene, but more importantly, 
chromatography of 5 on alumina led to the acylimido complex Tp′W(O)(I)(NC(O)Me) (6) 
and Tp′(O)(I)WNC(Me)C(Me)NW(I)(O)Tp′ (7).  Additionally, methylation of the nitrile 
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ligand of 5 was accomplished with MeOTf to form the iminoacyl complex 
[Tp′W(O)(I)(MeNCMe)][OTf] (9).  The array of reactions reported here suggests that η2-
nitrile ligands will exhibit a rich chemistry not accessible with σ-bound nitrile ligands.  
2.4  Experimental 
    Reactions were performed under a dry nitrogen atmosphere using standard Schlenk 
techniques.  Hexanes, methylene chloride, and pentane were purified by passage through an 
activated alumina column under a dry argon atmosphere.  Tetrahydrofuran (THF) was 
distilled from sodium benzophenone ketyl under a dry nitrogen atmosphere.  Deuterated 
solvents were dried using CaH2 or sodium benzophenone ketyl and deoxygenated using 
standard freeze–pump–thaw techniques.  Acetonitrile was distilled from CaH2 and stored 
over 4 Å molecular sieves.  
    Syntheses of Tp′W(O)(CO)(I) (1),28 and [Tp′W(O)(CO)(NCMe)][BAr4′] (4)18 have been 
previously reported.  Silver trifluoromethanesulfonate (AgOTf) was obtained and used 
directly as received from Aldrich Chemical Company.  Sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate, (NaBAr′4), was prepared according to literature 
methods.29  
    1H NMR, 13C NMR, and 2D NMR spectra were recorded on Bruker AMX300, DRX400, 
AMX400 and Avance500 spectrometers.  Infrared spectra were recorded on an ASI Applied 
Systems ReactIR 1000 FT-IR spectrophotometer.  Chemical analyses were performed by 
Atlantic Microlabs of Norcross, GA.  
    Tp′W(O)(CO)(OTf) (2).  In a 100 mL round-bottom flask, Tp′W(O)(CO)(I) (1) (0.203 g, 
0.311 mmol) was dissolved in 25 mL of methylene chloride.  This solution was cannulated 
into a separate 100 mL round-bottom flask containing AgOTf (0.080 g, 0.311 mmol) stirring 
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in 15 mL methylene chloride.  An immediate color change from purple-pink to a red-maroon 
was accompanied by concomitant precipitation of gray salts.  The solution was allowed to 
stir for 2 h and was cannula filtered to a new flask, leaving behind the gray precipitate.  
Solvent was removed to yield a dark maroon solid.  Yield 0.173 g (83%). IR (CH2Cl2): 
ν(BH) 2308 cm−1, ν(CO) 2001 cm−1, ν(CN) 1544 cm−1.  1H NMR (CD2Cl2): δ 6.19, 6.11, 
5.74 (Tp′CH), 2.67, 2.54, 2.50, 2.50, 2.29, 2.21 (Tp′CH3).  13C NMR (CD2Cl2): δ 271.4 (1JWC 
not observed, CO), 154.7, 153.6, 153.3, 148.5, 148.4, 147.4 (Tp′CCH3), 119.7 (q, 1JCF = 320 
Hz, O3SCF3), 109.0, 108.2, 108.0 (Tp′CH), 16.2, 14.7, 14.2, 13.0, 12.7, 11.2 (Tp′CH3).  Anal. 
Calc.: C, 30.29; H, 3.29; N, 12.47. Found: C, 30.49; H, 3.47; N, 12.13%.  
    [Tp′W(O)(CO)(NCMe)][OTf] (3).  In a 100 mL round-bottom flask, 2 (0.030 g, 0.050 
mmol) was dissolved in 15 mL of CH3CN.  The solution immediately became a deep purple 
color.  Removal of the solvent yielded a solid of mixed deep purple and maroon solids.  
NMR spectroscopy displayed a mixture of 3 and starting material 2.  1H NMR (CD2Cl2): δ 
6.28, 6.19, 5.87 (Tp′CH), 3.23 (NCCH3), 2.76, 2.54, 2.53, 2.49, 2.31, 2.26 (Tp′CH3).  
    NMR observation of (3).  In an NMR tube, triflate complex 2 (0.014 g, 0.021 mmol) was 
dissolved in 0.7 mL CD2Cl2.  Acetonitrile (0.005 mL, 5 equiv.) was added via a 10 µL 
syringe.  The tube was shaken to mix the contents.  Over a period of 24 h NMR signals for 
nitrile complex 3 slowly grew with concomitant disappearance of 2.  
    [Tp′W(O)(CO)(NCMe)][BAr′4] (4).  In a 100 mL round-bottom flask, triflate complex 2 
(0.121 g, 0.179 mmol) and NaBAr′4 (0.159 g, 0.179 mmol) were dissolved in 15 mL of 
CH3CN.  The solution immediately became a deep purple color.  Cannula filtration of the 
solution to a new flask and solvent removal yielded a deep purple solid.  IR (KBr): ν(CO) 
2026 cm−1, ν(CN) 1544 cm−1, ν(WO) 965 cm−1.  1H NMR (CD2Cl2): δ 7.74 (o-Ar′), 7.58 (p-
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Ar′) 6.24, 6.18, 5.82 (Tp′CH), 3.07 (CH3CN), 2.64, 2.53, 2.50, 2.48, 2.28, 2.21 (Tp′CH3).  
13C NMR (CD2Cl2): δ 248.1 (1JWC = 190 Hz, CO), 162.1 (q, 1JBC = 50 Hz, ipso of BAr′4), 
153.5 (CH3CN), 154.0, 152.8, 152.3, 149.4, 149.4, 149.1 (Tp′CCH3), 135.2 (o-C of BAr′4), 
129.3 (q, 2JCF = 30 Hz, m-C of BAr′4), 125.0 (q, 1JCF = 270 Hz, CF3), 117.9 (p-C of BAr′4), 
109.3, 108.9, 108.8 (Tp′CH), 16.3, 15.2, 14.8, 13.0, 12.5, 12.5 (Tp′CH3), 4.9 (CH3CN).  
    Tp′W(O)(I)(NCCH3) (5).  In a 100 mL Schlenk tube, 1 (0.450 g, 0.690 mmol) was 
dissolved in 50 mL of CH3CN.  The purple-pink solution was photolyzed under bubbling 
nitrogen for 3 h to give a dark orange solution.  Solvent was removed to yield an oily dark 
orange solid.  The solid was re-dissolved in 5 mL methylene chloride and mixed with 50 mL 
hexanes.  The orange solution was cannula filtered to remove any insoluble species and 
solvent was removed to yield a dark orange powder.  Yield 0.327 g (71%).  1H NMR 
(CD2Cl2): δ 6.17, 6.07, 5.61 (Tp′CH), 3.87 (CH3CN), 2.80, 2.52, 2.45, 2.43, 2.30, 1.89 
(Tp′CH3).  13C NMR (CD2Cl2) δ 278.6 (CO), 184.8 (NCCH3), 155.4, 154.4, 152.5, 146.4, 
145.6, 144.6 (Tp′CCH3), 109.1, 108.7, 108.0 (Tp′CH), 27.0 (NCCH3), 19.0, 15.9, 15.0, 13.0, 
12.8, 12.5 (Tp′CH3).  
    Tp′W(O)(I)(NC(O)Me) (6) and Tp′(O)(I)W=NC(CH3)C(CH3)N=W(I)(O)Tp′ (7).  
Complex 5 was synthesized as above.  Column chromatography of the photolysis reaction 
product with alumina and CH2Cl2/hexanes (25/75) left a deep red band on the column.  
Addition of ca. 5 mL of THF to 100 mL of the eluent solution removed a red band from the 
column.  Removal of the solvent yields a red powder.  Crystals of 6 and 7 suitable for X-ray 
analysis were grown by diffusion of hexanes into a concentrated methylene chloride solution.  
1H NMR (CD2Cl2): δ 6.02, 5.99, 5.88 (Tp′CH), 2.78, 2.61, 2.50, 2.50, 2.44, 2.39, 2.38 
(Tp′CH3 and NC(O)CH3).  
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    Tp′W(O)(I)(PhC≡CH) (8).  In a 100 mL round-bottomed flask 5 (0.048 g, 0.070 mmol) 
was dissolved in 40 mL dry THF.  Phenylacetylene (0.079 mL, 10 equiv.) was syringed into 
the flask and the solution was stirred.  The solution was refluxed for 19 h.  Solvent was 
removed to yield a purple solid containing both isomers of 8. 1H NMR (CD2Cl2): δ (major) 
12.30 (2JWH = 12 Hz, PhC≡CH), 7.16, 6.48 (m, 5H, PhC≡CH), 6.11, 5.85, 5.57 (Tp′CH), 
2.87, 2.49, 2.49, 2.39, 1.79, 1.78 (Tp′CH3). δ (minor) 11.03 (2JWH = 12.5 Hz, PhC≡CH), 7.93, 
7.59, 7.42 (m, 5H, PhC≡CH), 6.11, 6.10, 5.62 (Tp′CH), 2.87, 2.49, 2.47, 2.33, 2.30, 1.90 
(Tp′CH3).  13C NMR (CD2Cl2): δ (major) 162.3 (PhC≡CH), 157.4 155.7, 154.4, 152.7, 146.1, 
145.8, 144.2 (Tp′CCH3 and PhC≡CH), 136.7, 130.6, 129.0, 128.7 (PhC≡CH), 108.9, 108.7, 
108.0 (Tp′CH), 19.0, 15.8, 15.7, 13.0, 12.9, 12.6 (Tp′CH3).  δ (minor) 173.0 (PhC≡CH), 
155.0, 154.6, 153.5, 152.7, 145.6, 145.5, 144.2 (Tp′CCH3 and PhC≡CH), 138.7, 134.4, 129.7, 
128.3 (PhC≡CH), 108.7, 108.6, 107.6 (Tp′CH), 16.6, 15.8, 14.1, 12.9, 12.8, 12.4 (Tp′CH3).  
    [Tp′W(O)(I)(MeNCMe)][OTf] (9).  In a 100 mL round-bottom flask 5 (0.200 g, 0.307 
mmol) was dissolved in 20 mL methylene chloride.  To this orange solution was added 
MeOTf (0.035 µL, 0.307 mmol). No observable color change was observed.  After 2 h, 60 
mL of hexanes was added to the solution.  The flask was chilled to 0 °C and stirred for 1 h 
forming a light brown precipitate on the sides of the flask.  The solution was cannula filtered 
to a new flask leaving behind solid 9.  1H NMR (CD2Cl2): δ (major) 6.27, 6.25, 5.79 (TpCH), 
4.31 (CH3NCCH3), 3.88 (CH3NCCH3), 2.77, 2.49, 2.48, 2.36, 2.35, 1.83 (Tp′CH3).  δ (minor) 
6.24, 6.24, 5.80 (Tp′CH), 4.92 (CH3NCCH3), 3.13 (CH3NCCH3), 2.84, 2.48, 2.46, 2.36, 2.32, 
1.87 (Tp′CH3).  13C NMR (CD2Cl2): δ 210.6 (CH3NCCH3), 157.4, 154.2, 153.0, 148.8, 148.8, 
146.7 (Tp′CCH3), 110.2, 110.0, 109.6 (Tp′CH), 39.5 (CH3NCCH3), 23.0 (CH3NCCH3), 19.5, 
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15.8, 15.5, 13.9, 13.0, 12.6 (Tp′CH3).  Anal. Calc. C, 27.52; H, 3.40; N, 11.83. Found: C, 






























Table 2.1  Crystallographic data collection parameters for 4, 5, and 7  
  4 6 7 
Formula C50H37B2N7O2F24W C34H50B2N14O4I2W2 C34H50B2N14O2I2W2 
Molecular weight 1444.32 1361.98 1329.998 
Crystal system triclinic monoclinic monoclinic 
Space group P1- P21/n P21/c 
a (Å) 14.12678(3) 13.8320(6) 9.3027(3) 
b (Å) 14.2136(3) 15.7885(7) 17.0513(6) 
c (Å) 15.7139(3) 25.9304(12) 16.2019(6) 
α (°) 73.573(1) 90 90 
β (°) 86.318(1) 104.0060(10) 98.221(1) 
γ (°) 75.553(1) 90 90 
V (Å3) 2939.18(10) 5494.5(4) 2543.59(15) 
Z 2 4 2 
Dcalc. (Mg/m3) 1.632 1.646 1.954 
F(0 0 0) 1414.53 2585.21 1426.67 
Crystal dimensions (mm) 0.20 × 0.20 × 0.20 0.20 × 0.20 × 0.05 0.10 × 0.10 × 0.10 
Temperature (°C) −100 −100 −100 
2θ Range (°) 5–140 5–50 5–50 
µ (mm−1) 4.75 5.36 5.99 
Scan mode ω ω ω 
Total number of reflections 39 227 28 291 11 165 
Total number of unique 
reflections 10 103 9676 4470 
Number of reflections with 
(I > 2.5σ(I)) 8858 7567 3913 
RF (%) 0.046 0.059 0.05 
RW (%) 0.061 0.077 0.061 
Goodness-of-fit 2.0852 2.79 2.4291 
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Table 2.2   Selected bond distances and angles for [Tp′W(O)(CO)(NCMe)][BAr′4] (4)  
Bond distances 
W(1)–O(1) 1.781(4) W(1)–N(4) 2.017(5) 
W(1)–C(2) 2.080(6) N(4)–C(5) 1.197(10) 
C(2)–O(3) 1.067(8) C(5)–C(6) 1.497(10) 
W(1)–N(11) 2.220(4) W(1)–N(31) 2.145(4) 
W(1)–N(21) 2.158(4)     
        
Bond angles 
O(1)–W(1)–C(2) 91.35(20) C(2)–W(1)–N(4) 93.64(21) 
















Table 2.3  Selected bond distances and angles for Tp′W(O)(I)(NC(O)Me) (6)  
Bond distances 
W(1)–O(1) 1.690(10) W(1)–N(2) 1.804(11) 
W(1)–I(1) 2.7427(10) N(2)–C(3) 1.338(18) 
C(3)–O(4) 1.219(17) C(3)–C(5) 1.516(21) 
W(1)–N(11) 2.147(10) W(1)–N(31) 2.306(10) 
W(1)–N(21) 2.294(11)     
        
Bond angles 
O(1)–W(1)–N(2) 102.3(4) N(2)–C(3)–C(5) 113.5(12) 
O(1)–W(1)–I(1) 97.0(3) N(2)–C(3)–O(4) 123.6(13) 
N(2)–W(1)–I(1) 91.6(3)     
        
Torsion angles 
W(1)–N(2)–C(3)–O(4) 100.5(19)     






















Table 2.4  Selected bond distances and angles for                         
                  Tp′(O)(I)W(NC(Me)C(Me)CN)W(I)(O)Tp′ (7) 
 
Bond distances 
W(1)–O(1) 1.763(9) W(1)–N(2) 1.791(8) 
W(1)–I(1) 2.7283(8) N(2)–C(3) 1.365(16) 
W(1)–N(11) 2.292(7) C(3)–C(4) 1.527(17) 
W(1)–N(21) 2.290(8) C(3)–C(3′) 1.37(3) 
W(1)–N(31) 2.150(7)     
        
Bond angles 
O(1)–W(1)–I(1) 97.7(3) N(2)–C(3)–C(4) 120.4(11) 
O(1)–W(1)–N(2) 101.5(5) N(2)–C(3)–C(3′) 118.2(12) 
N(2)–W(1)–I(1) 99.3(4) W(1)–N(2)–C(3) 166.1(8) 
C(4)–C(3)–C(3′) 121.4(12)     
        
Torsion angles 
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Reactivity Relationships Between Chiral Cyclic Amido and Imine Tungsten(II) Complexes 
 
3.1    Introduction 
    Pyrrolidine and its derivatives are useful starting materials in the preparation of various 
biologically and pharmaceutically important molecules.1-3  Successful strategies for 
enantioselective synthesis of pyrrolidine derivatives include α-alkylation of pyrrolidine-
containing moieties.4-7  Elworthy and Meyers achieved high enantioselectivity in the 
formation of 2-methyl-Boc-pyrrolidine (Boc = tert-butoxycarbonyl) by Sn-Li exchange of 
enantio-enriched α-tributylstannane using nBuLi with subsequent methylation of the lithio 
carbanion.8  N-Boc-protected 2-methylpyrrolidine has been synthesized in up to 95% 
enantiomeric excess by Kerrick and Beak via asymmetric deprotonation of Boc-pyrrolidine 
using sec-butyllithium/(–)-sparteine followed by reaction with an electrophilic methyl 
reagent.9  Enantioselective synthesis of 2-methylpyrrolidine has been accomplished via 
hydroamination/cyclization of aminoalkenes using organolanthanide catalysts.10-15  
    Diastereoselective conversion of imines to form amido ligands has been reported,16-20 and 
transition metal-catalyzed nucleophile addition to activated imines has been accomplished.21-
23  Acyclic imine and amido complexes are found as intermediates in the reduction of 
coordinated acetonitrile to ethylamine,24 and various N-protio amido complexes undergo 
hydride abstraction with iodine as the oxidant in the presence of base to yield the analogous 
N-protio, cationic, imine complexes.25  Reduction of imines can occur stereoselectively, but 
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the ratio of stereoisomers often correlates directly to the E/Z ratio of the starting amine.26,27  
Nucleophile addition is complicated with coordinated, N-protio substituted imines as the 
substrate, since deprotonation of the imine nitrogen becomes a competing reaction.28-31   
    In order to address the issue of unwanted deprotonation at nitrogen, we sought to utilize 
secondary amine precursors.  Our initial target was a cyclic imine complex based on 
pyrrolidine.  Chiral transition metal amine, amido, and imine complexes containing 
pyrrolidine-derived ligands are known,32 and nucleophile addition to a rhenium indolenine 
complex has been accomplished with high diastereoselectivity.33  Cyclic imine complexes 
have two potential advantages as substrates:  (1) they are not subject to E/Z isomer options, 
(2) they have N-alkyl substituents rather than hydrogen so that deprotonation at nitrogen is 
not an option.    
    In this paper we report the synthesis of chiral tungsten amido complexes of the type 
Tp′W(CO)(PhC≡CMe)(NCHRCH2CH2CH2) (2a,b) (R = H, Me) derived from pyrrolidine. 
The corresponding imine complexes [Tp′W(CO)(PhCCMe)(N=CRCH2CH2CH2)][X] (3a,b) 
(R/X = H/BAr′4, Me/OTf) are synthesized by either net hydride abstraction from the parent 
amido complex (3a), or by direct reaction of the deprotonated ligand with the precursor 
tungsten triflate complex [Tp′W(CO)2(PhC≡CMe)][OTf] (1).  The pyrrolidine amido 
complex 2a may be protonated to form the corresponding cationic cyclic amine complex 
(4a).  Studies of the diastereoselectivity of nucleophile addition to the imine complex are 








3.2    Results and Discussion 
 
3.2.1    Pyrrolidine Amido Complex 2a.    
    The amido complex Tp′(CO)(PhC≡CMe)(NCH2CH2CH2CH2) (2a), derived from 
pyrrolidine, was synthesized by heating a THF solution of pyrrolidine and previously 
prepared Tp′W(CO)(PhC≡CMe)(OTf) at reflux for 14 hrs (eq 1).25,34,35  Removal of salts 
followed by recrystallization from a CH2Cl2 solution layered with CH3OH gave water-





























    The CO stretching frequency of amido complex 2a at 1839 cm-1 in the IR spectrum is 
lower than the CO frequency of related acyclic [NHR]- amido complexes by about 10-20  
cm-1, presumably due to stronger electron donation from the cyclic dialkyl amido ligand.  
The alkyne carbons appear at 169.8 and 167.1 ppm in the 13C NMR spectrum in accord with 
competition between the amido nitrogen lone pair and the alkyne π⊥ electron pair for 
donation into the lone vacant metal dπ orbital in this W(II) d4 complex.  The result is 
reminiscent of a “three-electron” donor alkyne.24,25,36,37  The 1H NMR spectrum of 2a 
displays 8 distinct multiplets corresponding to the 8 diastereotopic hydrogens of the cyclic 
amido ligand bound to the chiral metal center. 
    An ORTEP diagram of the tungsten amido complex 2a is shown in Figure 3.1.  For all the 
structures reported herein, crystallographic data collection parameters are shown in Table 
3.1, and selected bond distances and angles are listed in Table 3.2.  The plane of the amido 
ligand is oriented approximately parallel (20.8˚) to the W-CO axis, compatible with allowing 
nitrogen to donate its remaining lone pair of electrons into the single empty tungsten dπ 
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orbital.  The C≡C axis of the alkyne ligand is also aligned nearly parallel (8.0˚) to the W-CO 
axis, as is typical for group VI d4 alkyne complexes.38  This alignment both optimizes π-
donation from π⊥ and π-acceptance into π׀׀* of the alkyne ligand with the appropriate 
tungsten dπ orbitals.  The short tungsten-amido W-N(10) bond distance of 1.999(2) Å 
reflects some multiple bond character due to π-donation from the amido nitrogen to the 
metal; this distance is slightly longer than the distance of 1.941(10) Å found for the related 
acyclic primary amido complex, Tp′W(CO)(PhC≡CMe)(NHCHMeEt).25  The distances from 
the amido nitrogen, N(10), to the α carbons, C(11) and C(14), are 1.481(4) and 1.486(4) Å, 
respectively.  These distances are similar to the N-C distance found in 
Tp′W(CO)(PhC≡CMe)(NHCHMeEt),25 and all of these C-N distances are compatible with 
simple N-C single bonds. 
 
Figure 3.1  ORTEP diagram of Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2CH2) (2a). 
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3.2.2    1-pyrroline Complex 3a.   
    Oxidation of 2a with one equivalent of I2 in the presence of NEt3 followed by counterion 
exchange using Na[BAr′4] (BAr′4 = tetrakis[3,5-bis(trifuoromethyl)phenyl]borate) yields the 
chiral cyclic imine complex [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2)][BAr′4] (3a) (eq 
2).  Purification by alumina chromatography followed by recrystallization from a CH2Cl2 





















    The IR stretching frequency of 3a is 1910 cm-1, a large increase from the 1839 cm-1 
stretching frequency in reagent 2a, but 10-30 cm-1 lower than comparable values for acyclic 
imine complexes, [Tp′W(CO)(PhC≡CMe)(NH=CRR′][BAr′4].25  In the 1H NMR spectrum of 
3a the imine proton on the α-carbon resonates at 6.50 ppm, which is close to the value of 
6.66 ppm found for the Cα proton of the imine ligand in 
[Tp′W(CO)(PhC≡CMe)(NH=CHCHMePh][BAr′4].25  The alkyne methyl protons resonate at 
3.86 ppm in the 1H NMR spectrum, as is typical for a cationic imine complex containing a 
four-electron donor alkyne.25   
    An ORTEP diagram of 1-pyrroline complex 3a is shown in Figure 3.2.  The tungsten-
imine W-N(12) bond distance of 2.135(7) Å is consistent with a single W-N dative bond.  
Note that conversion of the amido precursor to the cationic imine removes the multiple W-N 
bond character and the metal-ligand separation increases by 0.14 Å.  The N(12)-C(13) bond 
distance of 1.280(14) Å clearly identifies the N=C linkage, while the distance from N(12) to 
C(16), 1.490(10) Å, is over 0.20 Å longer and is close to that of the N-C single bonds found 
in pyrrolidine amido complex 2a.  Clearly there is no disorder between C(13) and C(16) in 
 57
the structure of imine complex 3a.  The tungsten-alkyne bond distances of 2.063(8) and 
2.031(7) Å are consistent with a four-electron donor alkyne.  The imine double bond is 
proximal to two pyrazole rings, adopting a geometry dramatically different than the one 
found for [Tp′W(CO)(PhC≡CMe)(NH=CMeEt)][BAr′4] where the double bond is oriented 
between the CO and alkyne ligands.  The plane containing the 1-pyrroline ligand is almost 
perpendicular to the W-CO bond, distinctly different from the ring orientation in the amido 
complex 2a.  The 1-pyrroline nitrogen is simply a two-electron donor in 3a, and presumably 
the ligand can rotate easily in order to reside in the least sterically hindered configuration. 
 
Figure 3.2.  ORTEP diagram of [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2)][BAr′4] (3a).   
3.2.3    2-methylpyrrolidine Amido Complex 2b.   
    Refluxing tungsten complex 1 with free 2-methylpyrrolidine in THF failed to yield the 2-
methylpyrrolidine amido complex Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2CH2) (2b).  
Addition of nBuLi at -78 ˚C followed by warming to room temperature and stirring for 1.5 h 
resulted in formation of the target amido complex 2b (eq 3).  This ligand substitution route 
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    An alternative route to amido complex 2b involves addition of a nucleophilic methyl 
reagent, such as MeMgBr, to a THF solution of imine complex 3a (eq 4).  Removal of salts 
followed by recrystallization from a concentrated pentane solution yielded dark red crystals 
of 2b.  Reduction of the cationic imine complex decreases the CO stretching frequency from 
1910 cm-1 in 3a to 1847 cm-1 (KBr) for amido complex 2b.  This CO stretching frequency is 
slightly higher than that of the unsubstituted cyclic amido complex 2a, νCO = 1839 cm-1.  The 
methyl substituent provides a more sterically congested amido ring environment, perhaps 
causing the tungsten-amido nitrogen distance to lengthen slightly thus providing less electron 
density to the tungsten center and subsequently decreasing the π* CO occupation from the d4 
W(II) center and making the CO stretch higher than that observed for the unsubstituted 
amido complex 2a.  Amido complex 2b has two stereogenic centers, the metal center and the 
amido α-carbon, however, the 1H NMR spectrum of the reaction mixture displays only one 
diastereomer (SWRC/RWSC) (greater than 95:5 ratio) when synthesized from the imine by the 
nucleophilic addition route in Equation 4.  Chirality at tungsten was assigned by treating Tp′ 
as an η3 ligand and using the Baird/Sloan modification of the Cahn-Ingold-Prelog priority 
rules.39,40  The α-carbon-bound proton of the amido ligand emerges as a multiplet at 4.96 
ppm in the 1H NMR spectrum of 2b, while the cyclic amido methyl signal appears as a clean 






















    As in amido complex 2a, the alkyne carbons resonate between 167 and 172 ppm in the 13C 
NMR spectrum of 2b.  This upfield shift relative to the alkyne carbons in imine complex 3a 
(212-216 ppm) reflects a change from a four-electron donor alkyne to competitive donation 
relative to the amido ligand.  A qualitative molecular orbital scheme for the competition 
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Figure 3.3  Qualitative molecular orbital scheme for 
Tp′W(CO)(PhC≡CMe)(NCHRCH2CH2CH2) (2a,b). 
    The crystal structure of 2b contains two molecules in the unit cell, one of which is shown 
as an ORTEP diagram in Figure 3.4.  Qualitative analysis of the crystal structures of imine 
complex 3a and amido complex 2b indicates that rotation of the imine ring followed by 
nucleophilic attack on the side closest to the alkyne would yield the single diastereomer 
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obtained.  If nucleophilic attack at the imine carbon were to occur with the imine double 
bond located between two of the Tp′ pyrazolyl rings, as in the solid state structure, it is not 
obvious that there would be significant differentiation between the two faces.  The W-N(3) 
distance of 2.010(3) Å in the crystal structure of amido complex 2b is only slightly longer 
than the distance seen for amido complex 2a, 1.999(2) Å.  The N(3)-C(4) and N(3)-C(7) 
bond distances are 1.480(5) and 1.486(5) Å respectively, and the N(3)-C(7)-C(8) angle is 
110.5(3) deg. 
 
Figure 3.4.  ORTEP diagram of (SWRC)-Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2CH2) (2b). 
 
3.2.4    2-methyl-1-pyrroline Complex 3b.   
    Heating a THF solution of 1 with 2-methyl-1-pyrroline at reflux overnight resulted in no 
change in the IR spectrum.  Addition of nBuLi to deprotonate the 2-methyl-1-pyrroline 
substrate results in the formation of the cyclic imine complex 
[Tp′W(CO)(PhC≡CMe)(N=CMeCH2CH2CH2)][OTf] (3b) by alumina chromatography (eq 
5).  Blue crystals were obtained from a CH2Cl2 solution layered with Et2O.  X-ray quality 
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crystals were obtained by adding Na[BAr′4] to a CH2Cl2 solution of 3b followed by 
recrystallization from a CH2Cl2 solution layered with hexanes to yield the [BAr′4]- salt of 
cationic imine complex 3b.  The CO stretching frequency of 2-methyl-1-pyrroline complex 
3b matches that of 1-pyrroline complex 3a, νCO = 1910 cm-1.  The alkyne methyl group 
appears at 3.85 ppm in the 1H NMR spectrum of imine complex 3b, similar to that of cationic 
1-pyrroline complex 3a, while the imine methyl signal appears at 0.82 ppm.  The carbonyl 
carbon resonates near 229 ppm in the 13C NMR.  The imine carbon peak appears at 191 ppm, 
consistent with σ-bound imines.  The alkyne carbon resonances are in the range of 212-214 























An ORTEP diagram of the [BAr′4]- salt of 2-methyl-1-pyrroline complex 3b is presented in 
Figure 3.5.  A complete list of bond distances and angles is presented in Table 3.3, and 
atomic parameters are shown in Table 3.4.  The short metal-alkyne distances of 2.016(4) and 
2.064(4) Å are consistent with the 13C NMR data for this cationic imine complex denoting a 
tightly-bound four-electron donor alkyne.38  The tungsten-imine dative bond, W-N(13), is 
2.179(3) Å, slightly longer than the 2.135 Å in the unsubstituted case.  The N(13)-C(17) 
bond distance of 1.286(6) Å is close to the distance found for the N=C bond of 1-pyrroline 
complex 3a, 1.280(14) Å.  As in imine complex 3a, the imine double bond and, therefore, the 
imine methyl substituent of 2-methyl-1-pyrroline complex 3b, are both proximal to two 





Figure 3.5.  ORTEP diagram of [Tp′W(CO)(PhC≡CMe)(N=CMeCH2CH2CH2)][BAr′4] 
(3b). 
    Another route to amido complex 2b may be realized by addition of Li[HBEt3] to a THF 
solution of imine complex 3b (eq 6).  Following hydride addition and extraction with 
pentane, amido complex 2b is obtained in a 4:1 diastereomer ratio as assessed by 1H NMR.  
Importantly, the predominant diastereomer is the opposite diastereomer (SWSC/RWRC) to the 




















3.2.5    Deuteride Addition to [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2)][BAr′4] (3a).  
    Reaction of imine complex 3a with Li[DBEt3] in THF results in formation of amido 
complex 2a-d1 as assessed by IR and 1H NMR spectroscopy (eq 7).  Due to the complexity of 
the NMR signals for the diastereotopic methylene protons, the diastereoselectivity of the 
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deuteride addition is difficult to assess by 1H NMR spectroscopy.  2H NMR spectroscopy is a 
good alternative for the characterization of the product formed.  Although the signal to noise 
level is too high for quantitative analysis, only two signals are observed in the 2H NMR 
spectrum (3.67 and 2.58 ppm) and these correspond to two diastereotopic protons in the 1H 
NMR spectrum.  Analysis of the COSY NMR spectrum of amido complex 2a indicates the 
signal at 3.67 ppm is coupled to resonances at 4.73, 1.68, and 1.42 ppm, while the signal at 
2.59 ppm is coupled to multiplets at 3.39 and 1.30 ppm.  If deuteride addition occurred on 
both faces of the 1-pyrroline ring, the two signals observed in the 2H NMR of 2a-d1 would be 
coupled to the same hydrogens.  It appears that there is high diastereoselectivity in the 





















3.2.6 Deprotonation of 3a. 
    In attempts to isolate an enamido complex, nBuLi was added to a THF solution of 
complex 3a.  IR spectroscopy suggested deprotonation occurred, νCO = 1856 cm-1.  In order 
to determine the position of deprotonation, D2O was added.  Reformation of a cationic 
species appeared to occur by IR, νCO = 1924 cm-1.  1H NMR spectroscopy indicated 
deuterium incorporation occurred on the alkyne methyl group (eq. 8).  Addition of strong 
base to 3a did not produce the desired enamido complex, and therefore, substitution at the β 






























3.2.7    Amine Complex 4a.   
    Protonation of the amido complex 2a with [H(OEt2)2][BAr′4] in CH2Cl2 yields the 
pyrrolidine complex [Tp′W(CO)(PhC≡CMe)(NHCH2CH2CH2CH2)][BAr′4] (4a) (eq 9).  
Purification by alumina chromatography followed by recrystallization from CH2Cl2/hexanes 
produced blue crystals.  Protonation of amido complex 2a increases the CO stretch from 
1839 cm-1 to 1904 cm-1 in the IR spectrum of amine complex 4a.  This is consistent with the 
increase seen in the protonation of acyclic amido complexes 
Tp′W(CO)(PhC≡CMe)(NHCHRR′) (R/R′ = Me/Et, Ph/Ph, H/CMePh).  A set of eight 
distinguishable diastereotopic ring protons is found in the 1H NMR of amine complex 4a.  
The amine proton is located at 3.39 ppm.  The carbonyl carbon resonance is found at 230 
ppm in the 13C NMR spectrum, and the alkyne carbons are displayed at 211 and 213 ppm, 






















3.3    Summary 
Cyclic amido (2) and imine (3) complexes of tungsten(II) have been synthesized and 
structurally characterized.  Oxidation of amido complex 2a with I2 in the presence of NEt3 
forms 1-pyrroline complex 3a.  Addition of MeMgBr to 3a occurs with high 
diastereoselectivity.  2-Methylpyrrolidine complex 2b was characterized by X-ray 
crystallography.  The second diastereomer (SWSC/RWRC) of 2-methylpyrrolidine amido 
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complex 2b can be synthesized by hydride addition to 2-methyl-1-pyrroline complex 3b.  
Deuteride addition to 3a results in the formation of 2a-d1.  Complex 2a may also be 
protonated to form a cationic cyclic pyrrolidine complex, 4a.  The synthetic relationships 













































































3.4    Experimental Section 
    General Procedures.  Reactions were carried out under a nitrogen atmosphere using 
Schlenk techniques.  Methylene chloride, diethyl ether, toluene, pentane, and hexanes were 
purified by passage through a column of activated alumina.  Tetrahydrofuran was distilled 
under nitrogen from sodium and benzophenone.  CD2Cl2 was distilled from CaH2 and 
degassed by several freeze, pump, thaw cycles.   [Tp′W(CO)2(PhC≡CMe)][OTf] (1),34,41 
Na[BAr′4],42 and [H(OEt2)2][BAr′4] 42 were synthesized according to literature procedures.  
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    NMR spectra were obtained using a Bruker AMX300, DRX400, or AMX400.  2D spectra 
were recorded on the Bruker AMX400.  Elemental analyses were obtained from Altantic 
Microlabs, Norcross, GA. 
Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2CH2) (2a).   
[Tp′W(CO)2(PhC≡CMe)][OTf] (1) (0.751 g, 0.936 mmol) was dissolved in THF to form a 
green solution that was heated at reflux for 1 h.  After 1 h the solution had turned blue, and 
2.5 mL (4.8 mmol) of pyrrolidine were added.  The solution was heated at reflux overnight.  
The solvent was then removed by rotary evaporation, and the greenish oil that remained was 
purified on an alumina column with 1:1 hexanes:CH2Cl2 as the eluent.  A purple band was 
collected after adding THF to the column.  Solvent was removed by rotary evaporation, and 
the residue was recrystallized from CH2Cl2/MeOH to produce green needles (0.0476 g , 7% 
yield).  The procedure for purifying the product has been difficult to reproduce due to the 
sensitivity of the product in the presence of water.  A better method is to dissolve the reaction 
residue in CH2Cl2 and add hexanes to precipitate the ammonium triflate salt.  Cannula 
filtration and removal of solvent yields the product as a powder that is clean by 1H NMR 
spectroscopy (66% yield).  IR (KBr):  νCO = 1839 cm-1.  1H NMR (CD2Cl2, δ):  7.03, 6.98 
(m, 3H, m,p-Ph), 6.30 (d, 2H, o-Ph), 5.88, 5.73, 5.58 (s, 3H, Tp′-CH), 4.73, 3.67 (m, 2H, 
NCH2CH2CH2CH2), 3.39, 2.59 (m, 2H, NCH2CH2CH2CH2), 1.68, 1.42 (m, 2H, 
NCH2CH2CH2CH2), 1.68, 1.30 (m, 2H, NCH2CH2CH2CH2), 3.17 (s, 3H, PhC≡CCH3), 2.63, 
2.53, 2.40, 2.37, 1.58, 1.36 (s, 18H, Tp′-CH3).  13C {1H} NMR (CD2Cl2, δ):  237.1 (CO), 
169.8 (PhC≡CMe), 167.1 (PhC≡CMe), 153.4, 152.6, 151.1, 144.4, 144.3, 143.6 (Tp′-CMe), 
138.6 (ipso-Ph), 128.6, 128.0 (o,m-Ph), 126.0 (p-Ph), 107.4, 107.2, 106.4 (Tp′-CH), 70.2, 
58.7 (NCH2CH2CH2CH2), 28.5, 27.5 (NCH2CH2CH2CH2), 18.0 (PhC≡CMe), 15.5, 15.43, 
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15.36, 12.94, 12.90, 12.8 (Tp′-CH3).  Anal Calcd for C29H38N7OBW· ½ C5H12:  C, 51.73; H, 
6.06; N, 13.41.  Found:  C, 51.82; H, 6.01; N, 13.13.    
[Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2)][BAr′4](3a).  
Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2CH2) (2a) (0.110 g, 0.158 mmol) was dissolved in 
CH2Cl2 (20 mL).  Iodine (0.043 g, 0.169 mmol) and NEt3 (22 µL, 0.158 mmol) were added 
and the reaction was allowed to stir for 1 h.  A solution of Na[BAr′4] (0.143 g, 0.161 mmol) 
in Et2O (10 mL) was cannula transferred into the reaction and a white precipitate formed.  
The solution was cannula filtered and solvent was removed from the aqua green filtrate by 
rotary evaporation.  The residue was purified on an alumina column using 1:1 
CH2Cl2/hexanes as the first eluent, and then neat CH2Cl2 was used after the product was 
loaded onto the column.  The blue band was collected, solvent was removed by rotary 
evaporation, and the residue was recrystallized from CH2Cl2/hexanes (0.150 g, 61% yield).  
IR (KBr):  νCO = 1910 cm-1.  1H NMR (CD2Cl2, δ):  7.33 (m, 3H, m,p-Ph), 6.76 (m, 2H, o-
Ph), 6.50 (br t, 3JHH = 1.5 Hz, 1H, N=CH), 6.03, 5.93, 5.79 (s, 3H, Tp′-CH), 4.32, 3.08 (m, 
2H, N=CHCH2CH2CH2), 2.94, 2.63 (m, 2H, N=CHCH2CH2CH2), 2.05, 1.85 (m, 2H, 
N=CHCH2CH2CH2), 3.86 (s, 3H, PhC≡CCH3), 2.58, 2.52, 2.43, 2.32, 1.32, 1.05 (s, 18H, Tp′-
CH3).  13C {1H} NMR (CD2Cl2, δ):  228.6 (CO), 215.6 (PhC≡CMe), 212.6 (PhC≡CMe), 
177.7 (N=CHCH2CH2CH2), 153.6, 152.6, 151.2, 148.1, 148.0, 146.6 (Tp′-CMe), 136.1 (ipso-
Ph), 131.3 (p-Ph), 129.9, 129.4 (o,m-Ph), 109.54, 109.45, 108.3 (Tp′-CH), 69.2, 37.6, 21.8 
(N=CHCH2CH2CH2), 23.2 (PhC≡CCH3), 16.1, 15.6, 13.9, 12.9 (×2), 12.8 (Tp′-CH3).  Anal. 




Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2CH2) (SWRC/RWSC-2b).   
Method A.  [Tp′W(CO)2(PhC≡CMe)][OTf] (1) (0.5230 g, 0.652 mmol) was dissolved in 
THF and was heated at reflux for 1.5 h.  2-Methylpyrrolidine (0.2 mL, 1.96 mmol) was 
added, and the solution was heated overnight.  No change was observed by IR spectroscopy, 
so more 2-methylpyrrolidine (0.2 mL, 1.96 mmol) was added.  After 1.5 h, no change was 
seen by IR spectroscopy.  Triethylamine (0.15 mL, 1.1 mmol) was then added, but the added 
base did not induce a reaction.  The reaction was then cooled to -78 ˚C, and nBuLi was added 
to deprotonate the 2-methylpyrrolidine.  The solution was warmed to room temperature and 
stirred for 1.5 h.  Solvent was removed in vacuo.  The residue was dissolved in CH2Cl2 (3 
mL) and pentane (30 mL) was added.  The solution was cannula filtered, and solvent was 
removed in vacuo.  The product was recrystallized by slow evaporation of a solution in 
pentane (0.313 g, 65 % yield). 
Method B.  1-Pyrroline complex 3a (59.2 mg, 0.38 mmol) was dissolved in THF (4 mL).  
An excess of MeMgBr (0.5 mL, 3 M in Et2O) was added.  The solution turned from blue to 
wine red.  Solvent was removed in vacuo and the residue was dissolved in CH2Cl2 (0.7 mL).  
Hexanes (10 mL) was added, a white precipitate formed, and the solution was cannula 
filtered.  Solvent was again removed in vacuo, and the residue was dissolved in CH2Cl2 and 
layered with hexanes.  More salts precipitated, and the solution was cannula-filtered once 
more.  Solvent was removed in vacuo, and crystals were grown in a concentrated pentane 
solution in the freezer (0.020 g, 71% yield).  IR (KBr):   νCO = 1847 cm-1.  1H NMR (CD2Cl2, 
δ):  7.05, 6.99 (m, 3H, m,p-Ph), 6.26 (d, 2H, o-Ph), 5.86, 5.74, 5.55 (s, 3H, Tp′-CH), 4.96 (m, 
1H, NCHMeCH2CH2CH2), 3.36, 2.70 (m, 2H, NCHMeCH2CH2CH2), 2.01, 1.2 (m, 2H, 
NCHMeCH2CH2CH2), 1.3, 1.1 (m, 2H, NCHMeCH2CH2CH2), 3.19 (s, 3H, PhC≡CCH3), 
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2.64, 2.53, 2.37, 2.36, 1.60, 1.40 (s, 18H, Tp′-CH3), 0.58 (d, 3JHH = 6.4 Hz, 3H, 
NCHMeCH2CH2CH2).  13C {1H} NMR (CD2Cl2, δ):  236.3 (CO), 171.6, 168.1 (PhC≡CCH3), 
153.3, 152.7, 151.1, 144.32, 144.28, 143.5 (Tp′-CMe), 138.8 (ipso-Ph), 128.3, 128.0 (o,m-
Ph), 126.0 (p-Ph), 107.5, 107.1, 106.3 (Tp′-CH), 75.4, 58.0 (NCHMeCH2CH2CH2), 35.3, 
26.7, 23.9 (NCHMeCH2CH2CH2), 18.7 (PhC≡CCH3), 15.8, 15.53, 15.51, 12.94, 12.87, 12.85 
(Tp′-CH3).  Analysis Calcd for C30H40N7OBW · ½ C5H12:  C, 52.37; H, 6.22; N, 13.15.  
Found:  C, 52.84; H, 6.38; N, 12.90. 
Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2CH2) (SWSC/RWRC-2b). 
Imine complex 3b (74.2 mg, 0.0838 mmol) was dissolved in THF (10 mL).  LiHBEt3 (0.30 
mL, 1.0 M) was added, and the solution turned green.  Solvent was removed in vacuo.  The 
product was extracted from the residue with pentane.  Solvent was again removed in vacuo, 
and a 1H NMR spectrum was obtained of the residue (2.5:1 dr) (.0154 g, 25 % yield).  IR 
(THF): νCO = 1850 cm-1.  1H NMR (CD2Cl2, δ):  7.04, 6.98 (m, 3H, m,p-Ph), 6.23 (d, 2H, o-
Ph), 5.87, 5.75, 5.54 (s, 3H, Tp′-CH), 4.91 (m, 1H, NCHMeCH2CH2CH2), 4.04, 4.01, 3.59, 
2.38, 1.58, 1.15 (m, 6H, NCHMeCH2CH2CH2), 3.12 (s, 3H, PhC≡CCH3), 2.78, 2.54, 2.38, 
2.37, 1.51, 1.38 (s, 18H, Tp′-CH3), 0.05 (d, 3JHH = 6.8 Hz, 3H, NCHMeCH2CH2CH2).  13C 
{1H} NMR (CD2Cl2, δ):  237.4 (CO), 170.6, 166.3 (PhC≡CCH3), 152.6, 152.4, 151.6, 144.7, 
144.4, 143.4 (Tp′-CMe), 138.7 (ipso-Ph), 128.6, 128.0 (o,m-Ph), 125.9 (p-Ph), 107.5, 106.8, 
106.5 (Tp′-CH), 74.6, 56.7 (NCHMeCH2CH2CH2), 34.1, 25.2, 22.2 (NCHMeCH2CH2CH2), 
17.8 (PhC≡CCH3), 16.5, 15.5, 15.4, 13.1, 13.0, 12.9 (Tp′-CH3).   
[Tp′W(CO)(PhC≡CMe)(N=CMeCH2CH2CH2)][OTf] (3b).  
[Tp′W(CO)2(PhC≡CMe)][OTf] (1) (0.2151 g, 0.268 mmol) was dissolved in THF (15 mL) 
and heated at reflux for 1 h.  2-Methyl-1-pyrroline (50 µL, 0.53 mmol) was added, and the 
 70
reaction was heated overnight at reflux.  No reaction was observed by IR spectroscopy.  The 
reaction was then cooled to room temperature and nBuLi (0.12 mL, 2.4 M) was added.  The 
solution turned from blue to bright green.  Solvent was removed in vacuo, and the residue 
was purified on alumina with a series of eluents CH2Cl2, THF (1 mL), CH2Cl2, MeOH (1 
mL), and CH2Cl2.  The fraction collected after the addition of methanol contained the desired 
blue product which was recrystallized from CH2Cl2/Et2O (0.043 g, 18% yield).  IR (KBr): 
νCO = 1910 cm-1.  1H NMR (CD2Cl2, δ):  7.32, 6.76 (m, 5H, PhC≡CMe), 6.05, 5.92, 5.78 (s, 
3H, Tp′-CH), 4.4, 3.0 (m, 2H, N=CMeCH2CH2CH2), 2.9, 2.6 (m, 2H, N=CMeCH2CH2CH2),  
2.0, 1.8 (m, 2H, N=CMeCH2CH2CH2), 3.85 (s, 3H, PhC≡CMe), 2.60, 2.52, 2.46, 2.39, 1.35, 
1.12 (s, 18H, Tp′-CH3), 0.82 (N=CMeCH2CH2CH2).  13C NMR (CD2Cl2, δ):  229.1 (CO), 
214.1, 211.7 (PhC≡CMe), 190.7 (N=CMeCH2CH2CH2), 154.1, 153.4, 151.1, 147.9, 147.6, 
146.4 (Tp′-CMe), 136.2, 130.8, 129.4, 129.2 (PhC≡CMe), 109.1, 108.9, 108.1 (Tp′-CH), 
72.1, 41.5 (two pyrroline CH2′s), 22.9, 22.3 (PhC≡CMe, pyrroline CH2), 17.3, 16.1, 15.6, 
14.0, 13.0 (x2), 12.8 (Tp′-CH3, N=CMeCH2CH2CH2).  Anal. Calcd for C31H39N7O4SF3BW:  
C, 43.43; H, 4.58; N, 11.44.  Found:  C, 43.63; H, 4.71; N, 11.36. 
[Tp′W(CO)(PhC≡CMe)(NHCH2CH2CH2CH2)][BAr′4] (4a).  Pyrrolidine complex 2a 
(59.0 mg, 0.085 mmol) and [H·(OEt2)2][BAr′4] (75.0 mg, 0.087 mmol) were combined and 
dissolved in 10 mL CH2Cl2.  After 20 min the solvent was reduced to 2 mL by evaporation 
under vacuum.  Pentane (40 mL) was added and the solution was stirred.  Solvent was 
filtered away from the light blue solid that formed, and the solid was washed with pentane (2 
x 20 mL).  Crystals were obtained from CH2Cl2/hexanes (0.074 g, 55% yield).  IR (KBr):  
νCO = 1904 cm-1.  1H NMR (CD2Cl2, δ):  7.31 (m, 3H, m,p-Ph), 6.69 (m, 2H, o-Ph), 6.10, 
5.98, 5.74 (s, 3H, Tp′-CH), 3.79 (s, 3H, PhC≡CCH3), 3.39 (m, 1H, NHCH2CH2CH2CH2), 
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3.55, 2.93 (m, 2H, NHCH2CH2CH2CH2), 2.39, 2.02 (m, 2H, NHCH2CH2CH2CH2), 1.93, 1.67 
(m, 2H, NHCH2CH2CH2CH2), 1.75, 1.49 (m, 2H, NHCH2CH2CH2CH2), 2.71, 2.60, 2.51, 
2.45, 1.49, 1.23 (s, 18H, Tp′CH3).  13C {1H} NMR (CD2Cl2, δ):  230.2 (CO), 212.8 
(PhC≡CMe), 210.5 (PhC≡CMe), 161.9, 161.0, 154.1, 151.9, 151.0, 146.7 (Tp′CMe), 135.9 
(ipso-Ph), 129.0 (o,m-Ph), 126.8 (p-Ph), 110.2, 108.2, 108.0 (Tp′CH), 79.3, 72.0 
(NHCH2CH2CH2CH2), 23.1, 21.5 (NHCH2CH2CH2CH2), 15.9, 14.3 (x2), 13.2, 13.1, 13.0 
(Tp′CH3).  Anal. Calcd for C61H51N7OF24B2W:  C, 46.98; H, 3.30; N, 6.29.  Found:  C, 
47.11; H, 3.23; N, 6.24.  
Tp′W(CO)(PhC≡CMe)(NCHDCH2CH2CH2) (2a-d1).   
1-Pyrroline complex 3a (47.5 mg, 0.031 mmol) was dissolved in THF (4 mL).  Li[DBEt3] 
(31 µL, 1 M in THF) was added and the solution turned from blue to reddish purple.  Solvent 
was removed in vacuo.  The green residue was dissolved in CH2Cl2 (1 mL), and cannula 
transferred to an NMR tube under nitrogen.  A 2H NMR spectrum was obtained to determine 
the ratio of diastereomers.  In a separate experiment, the 1H NMR spectrum was obtained in 
CD2Cl2 and compared to complex 2 to confirm the identity of the product.  IR (THF):  νCO = 
1848 cm-1.  2H NMR (CH2Cl2, δ):  3.67, 2.58 (each a s). 
X-ray crystallography.  Single crystals of compounds 2a, SWRC/RWSC-2b, and 3a were 
each mounted on a glass wand and coated with epoxy in order to collect structural data.  
Diffraction data were collected on a Bruker SMART diffractometer using ω-scan mode for 
complexes 2a, SWRC/RWSC-2b, and 3a.  A single crystal of complex 3b was mounted on a 
MiTeGen MicroMount and coated in a drop of oil to collect structural data.  Diffraction data 
were collected on a Bruker SMART APEX-II diffractometer using ω-scan mode for complex 
3b.  
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Table 3.1.  Crystallographic Data 
 
 2a SWRC/RWSC-2b 3a 3b 
Formula C29H38BN7OW C30H40BN7OW · 0.5 
C5H12 
C61H49B2F24N7OW C62H51B2F24N7OW 
Mol wt 695.32 745.42 1557.52 1571.57 
Cryst syst orthorhombic triclinic triclinic Monoclinic 
Space group P bca P-1 P-1 P2/c 
a, Å 16.0892(3) 10.9323(5) 12.4266(4) 14.288(3) 
b, Å 18.4560(4) 16.8686(7) 16.0186(5) 12.824(3) 
c, Å 20.1698(4) 18.2165(8) 17.8952(6) 35.951(7) 
α, deg 90 79.961(1) 91.195(2) 90 
β, deg 90 81.853(1) 102.850(2) 92.968(12) 
γ, deg 90 89.124(1) 107.838(2) 90 
V, Å3 5989.27(21) 3274.38(25) 3290.76(18) 6578(2) 
Z 8 2 2 4 
calcd density, 
g/mL 
1.542 1.512 1.572 1.587 
F(000) 2780.99 1506.54 1544.28 3120 
temp, K 173  173  173  173  
2θ range, deg 5 – 60  5 – 56  5 – 50 1.87 – 27.00 
µ, mm-1 3.90 3.57 1.87 1.871 
total no. of rflns 136549 42189 46746 35574 
total no. of 
unique rflns 
8724 15819 11608 14306 
Rmerge 0.044 0.035 0.049 0.0398 
RF, % 0.027 0.031 0.058 0.0433 
RW, % 0.024 0.035 0.060 0.0963 
GoF 1.5512 1.2848 1.8488 1.037 
residual density, 
e/ Å-3 









Table 3.2.  Selected Bond Distances (Å) and Angles (deg) of Amido (2a, 2b) and Imine (3a, 
        3b) Ligands. 
 2a 2b 3a 3b 
W-N 1.999(2) 2.010(3) 2.135(7) 2.179(3) 













































W(1)-C(1)  1.983(4)  C(45)-C(47)  1.502(6) 
W(1)-C(5)  2.016(4)  B(50)-C(81)  1.641(6) 
W(1)-C(4)  2.064(4)  B(50)-C(61)  1.642(6) 
W(1)-N(21)  2.153(3)  B(50)-C(51)  1.649(6) 
W(1)-N(13)  2.179(3)  B(50)-C(71)  1.652(5) 
W(1)-N(31)  2.213(3)  C(51)-C(56)  1.403(6) 
W(1)-N(41)  2.241(3)  C(51)-C(52)  1.408(5) 
C(1)-O(2)  1.154(5)  C(52)-C(53)  1.392(5) 
C(3)-C(4)  1.504(6)  C(53)-C(54)  1.389(6) 
C(4)-C(5)  1.308(6)  C(53)-C(57)  1.500(6) 
C(5)-C(6)  1.475(6)  C(54)-C(55)  1.400(6) 
C(6)-C(7)  1.390(7)  C(55)-C(56)  1.389(6) 
C(6)-C(11)  1.400(6)  C(55)-C(58)  1.489(6) 
C(7)-C(8)  1.390(7)  C(57)-F(51)  1.327(5) 
C(8)-C(9)  1.381(8)  C(57)-F(53)  1.334(5) 
C(9)-C(10)  1.371(8)  C(57)-F(52)  1.348(5) 
C(10)-C(11)  1.382(6)  C(58)-F(54)  1.321(6) 
N(13)-C(17)  1.286(6)  C(58)-F(56)  1.330(5) 
N(13)-C(14)  1.519(5)  C(58)-F(55)  1.340(6) 
C(14)-C(15)  1.521(7)  C(61)-C(62)  1.397(5) 
C(15)-C(16)  1.534(7)  C(61)-C(66)  1.403(6) 
C(16)-C(17)  1.506(6)  C(62)-C(63)  1.395(6) 
C(17)-C(18)  1.504(6)  C(63)-C(64)  1.393(6) 
B(20)-N(42)  1.535(6)  C(63)-C(67)  1.492(6) 
B(20)-N(22)  1.541(6)  C(64)-C(65)  1.379(6) 
B(20)-N(32)  1.550(6)  C(65)-C(66)  1.385(6) 
N(21)-C(25)  1.353(6)  C(65)-C(68)  1.498(6) 
N(21)-N(22)  1.386(4)  C(67)-F(62)  1.339(5) 
C(23)-N(22)  1.360(6)  C(67)-F(63)  1.339(5) 
C(23)-C(24)  1.380(7)  C(67)-F(61)  1.343(5) 
C(23)-C(26)  1.504(6)  C(68)-F(64)  1.251(6) 
C(24)-C(25)  1.388(6)  C(68)-F(65)  1.343(7) 
C(25)-C(27)  1.503(7)  C(68)-F(66)  1.347(7) 
N(31)-C(35)  1.357(5)  C(71)-C(76)  1.400(6) 
N(31)-N(32)  1.387(4)  C(71)-C(72)  1.411(5) 
N(32)-C(33)  1.352(5)  C(72)-C(73)  1.392(5) 
C(33)-C(34)  1.379(6)  C(73)-C(74)  1.382(6) 
C(33)-C(36)  1.500(6)  C(73)-C(77)  1.500(6) 
C(34)-C(35)  1.389(6)  C(74)-C(75)  1.393(6) 
C(35)-C(37)  1.492(5)  C(75)-C(76)  1.403(6) 
N(41)-C(45)  1.346(5)  C(75)-C(78)  1.494(7) 
N(41)-N(42)  1.380(4)  C(77)-F(71)  1.260(6) 
N(42)-C(43)  1.358(5)  C(77)-F(73)  1.266(6) 
C(43)-C(44)  1.379(6)  C(77)-F(72)  1.308(6) 
C(43)-C(46)  1.505(6)  C(78)-F(76)  1.328(6) 
C(44)-C(45)  1.406(5)  C(78)-F(75)  1.341(6) 
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C(78)-F(74)  1.342(5)  C(10)-C(11)-C(6) 119.4(5) 
C(81)-C(82)  1.396(6)  C(17)-N(13)-C(14) 109.6(3) 
C(81)-C(86)  1.415(5)  C(17)-N(13)-W(1) 135.2(3) 
C(82)-C(83)  1.409(6)  C(14)-N(13)-W(1) 115.1(3) 
C(83)-C(84)  1.388(6)  N(13)-C(14)-C(15) 105.0(4) 
C(83)-C(87)  1.500(6)  C(14)-C(15)-C(16) 104.1(4) 
C(84)-C(85)  1.378(6)  C(17)-C(16)-C(15) 102.6(4) 
C(85)-C(86)  1.393(6)  N(13)-C(17)-C(18) 127.0(4) 
C(85)-C(88)  1.509(5)  N(13)-C(17)-C(16) 114.0(4) 
C(87)-F(81)  1.335(6)  C(18)-C(17)-C(16) 118.9(4) 
C(87)-F(83)  1.338(5)  N(42)-B(20)-N(22) 109.7(3) 
C(87)-F(82)  1.345(5)  N(42)-B(20)-N(32) 108.2(3) 
C(88)-F(84)  1.336(5)  N(22)-B(20)-N(32) 108.2(3) 
C(88)-F(86)  1.347(5)  C(25)-N(21)-N(22) 106.9(3) 
C(88)-F(85)  1.348(5)  C(25)-N(21)-W(1) 133.1(3) 
C(1)-W(1)-C(5) 108.40(17)  N(22)-N(21)-W(1) 119.6(3) 
C(1)-W(1)-C(4) 71.64(18)  N(22)-C(23)-C(24) 107.8(4) 
C(5)-W(1)-C(4) 37.36(16)  N(22)-C(23)-C(26) 122.4(4) 
C(1)-W(1)-N(21) 93.66(16)  C(24)-C(23)-C(26) 129.8(5) 
C(5)-W(1)-N(21) 90.08(15)  C(23)-N(22)-N(21) 109.1(4) 
C(4)-W(1)-N(21) 98.86(15)  C(23)-N(22)-B(20) 129.6(4) 
C(1)-W(1)-N(13) 90.49(16)  N(21)-N(22)-B(20) 120.9(3) 
C(5)-W(1)-N(13) 102.07(15)  C(23)-C(24)-C(25) 107.0(4) 
C(4)-W(1)-N(13) 95.92(15)  N(21)-C(25)-C(24) 109.2(4) 
N(21)-W(1)-N(13) 165.21(13)  N(21)-C(25)-C(27) 123.5(4) 
C(1)-W(1)-N(31) 87.51(16)  C(24)-C(25)-C(27) 127.3(5) 
C(5)-W(1)-N(31) 161.51(13)  C(35)-N(31)-N(32) 106.3(3) 
C(4)-W(1)-N(31) 158.98(15)  C(35)-N(31)-W(1) 134.3(3) 
N(21)-W(1)-N(31) 79.27(13)  N(32)-N(31)-W(1) 119.1(2) 
N(13)-W(1)-N(31) 86.74(13)  C(33)-N(32)-N(31) 109.9(3) 
C(1)-W(1)-N(41) 169.06(16)  C(33)-N(32)-B(20) 129.9(3) 
C(5)-W(1)-N(41) 82.41(14)  N(31)-N(32)-B(20) 120.3(3) 
C(4)-W(1)-N(41) 118.85(15)  N(32)-C(33)-C(34) 107.4(4) 
N(21)-W(1)-N(41) 87.84(12)  N(32)-C(33)-C(36) 123.5(4) 
N(13)-W(1)-N(41) 85.48(12)  C(34)-C(33)-C(36) 129.0(4) 
N(31)-W(1)-N(41) 82.12(12)  C(33)-C(34)-C(35) 107.3(4) 
O(2)-C(1)-W(1) 177.0(4)  N(31)-C(35)-C(34) 109.1(3) 
C(5)-C(4)-C(3) 141.3(4)  N(31)-C(35)-C(37) 123.7(4) 
C(5)-C(4)-W(1) 69.4(3)  C(34)-C(35)-C(37) 127.2(4) 
C(3)-C(4)-W(1) 149.4(4)  C(45)-N(41)-N(42) 106.4(3) 
C(4)-C(5)-C(6) 142.5(4)  C(45)-N(41)-W(1) 133.5(3) 
C(4)-C(5)-W(1) 73.3(3)  N(42)-N(41)-W(1) 120.0(2) 
C(6)-C(5)-W(1) 143.7(3)  C(43)-N(42)-N(41) 110.0(3) 
C(7)-C(6)-C(11) 119.5(4)  C(43)-N(42)-B(20) 130.7(3) 
C(7)-C(6)-C(5) 120.5(4)  N(41)-N(42)-B(20) 118.9(3) 
C(11)-C(6)-C(5) 120.0(4)  N(42)-C(43)-C(44) 107.7(3) 
C(6)-C(7)-C(8) 120.1(5)  N(42)-C(43)-C(46) 122.4(4) 
C(9)-C(8)-C(7) 119.8(5)  C(44)-C(43)-C(46) 129.9(4) 
C(10)-C(9)-C(8) 120.3(5)  C(43)-C(44)-C(45) 106.1(4) 
C(9)-C(10)-C(11) 120.9(5)  N(41)-C(45)-C(44) 109.7(4) 
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N(41)-C(45)-C(47) 124.0(4)  F(64)-C(68)-F(65) 109.4(6) 
C(44)-C(45)-C(47) 126.3(4)  F(64)-C(68)-F(66) 106.3(6) 
C(81)-B(50)-C(61) 104.1(3)  F(65)-C(68)-F(66) 100.0(4) 
C(81)-B(50)-C(51) 112.6(3)  F(64)-C(68)-C(65) 115.1(4) 
C(61)-B(50)-C(51) 110.0(3)  F(65)-C(68)-C(65) 112.7(4) 
C(81)-B(50)-C(71) 112.9(3)  F(66)-C(68)-C(65) 112.2(5) 
C(61)-B(50)-C(71) 112.9(3)  C(76)-C(71)-C(72) 115.9(3) 
C(51)-B(50)-C(71) 104.5(3)  C(76)-C(71)-B(50) 120.6(3) 
C(56)-C(51)-C(52) 116.3(4)  C(72)-C(71)-B(50) 123.4(4) 
C(56)-C(51)-B(50) 119.5(3)  C(73)-C(72)-C(71) 122.1(4) 
C(52)-C(51)-B(50) 124.2(4)  C(74)-C(73)-C(72) 120.8(4) 
C(53)-C(52)-C(51) 121.6(4)  C(74)-C(73)-C(77) 118.8(4) 
C(54)-C(53)-C(52) 120.9(4)  C(72)-C(73)-C(77) 120.4(4) 
C(54)-C(53)-C(57) 118.5(4)  C(73)-C(74)-C(75) 118.7(4) 
C(52)-C(53)-C(57) 120.5(4)  C(74)-C(75)-C(76) 120.3(4) 
C(53)-C(54)-C(55) 118.7(4)  C(74)-C(75)-C(78) 120.4(4) 
C(56)-C(55)-C(54) 119.8(4)  C(76)-C(75)-C(78) 119.3(4) 
C(56)-C(55)-C(58) 119.9(4)  C(71)-C(76)-C(75) 122.1(4) 
C(54)-C(55)-C(58) 120.2(4)  F(71)-C(77)-F(73) 107.8(5) 
C(55)-C(56)-C(51) 122.6(4)  F(71)-C(77)-F(72) 100.9(6) 
F(51)-C(57)-F(53) 106.7(4)  F(73)-C(77)-F(72) 104.0(5) 
F(51)-C(57)-F(52) 105.8(4)  F(71)-C(77)-C(73) 114.1(4) 
F(53)-C(57)-F(52) 104.9(4)  F(73)-C(77)-C(73) 114.6(4) 
F(51)-C(57)-C(53) 114.0(4)  F(72)-C(77)-C(73) 114.1(4) 
F(53)-C(57)-C(53) 112.5(4)  F(76)-C(78)-F(75) 105.4(4) 
F(52)-C(57)-C(53) 112.2(3)  F(76)-C(78)-F(74) 106.8(4) 
F(54)-C(58)-F(56) 106.2(4)  F(75)-C(78)-F(74) 107.0(4) 
F(54)-C(58)-F(55) 106.6(5)  F(76)-C(78)-C(75) 113.6(4) 
F(56)-C(58)-F(55) 103.8(4)  F(75)-C(78)-C(75) 111.1(4) 
F(54)-C(58)-C(55) 113.3(4)  F(74)-C(78)-C(75) 112.4(4) 
F(56)-C(58)-C(55) 114.2(4)  C(82)-C(81)-C(86) 115.0(3) 
F(55)-C(58)-C(55) 111.9(4)  C(82)-C(81)-B(50) 125.6(3) 
C(62)-C(61)-C(66) 115.0(4)  C(86)-C(81)-B(50) 119.2(3) 
C(62)-C(61)-B(50) 123.2(3)  C(81)-C(82)-C(83) 122.3(3) 
C(66)-C(61)-B(50) 121.5(4)  C(84)-C(83)-C(82) 120.9(4) 
C(63)-C(62)-C(61) 123.1(4)  C(84)-C(83)-C(87) 120.8(4) 
C(64)-C(63)-C(62) 120.2(4)  C(82)-C(83)-C(87) 118.4(4) 
C(64)-C(63)-C(67) 120.0(4)  C(85)-C(84)-C(83) 118.1(4) 
C(62)-C(63)-C(67) 119.9(4)  C(84)-C(85)-C(86) 121.0(4) 
C(65)-C(64)-C(63) 117.8(4)  C(84)-C(85)-C(88) 119.9(4) 
C(64)-C(65)-C(66) 121.5(4)  C(86)-C(85)-C(88) 119.1(4) 
C(64)-C(65)-C(68) 119.3(4)  C(85)-C(86)-C(81) 122.7(4) 
C(66)-C(65)-C(68) 119.2(4)  F(81)-C(87)-F(83) 106.4(4) 
C(65)-C(66)-C(61) 122.4(4)  F(81)-C(87)-F(82) 105.5(4) 
F(62)-C(67)-F(63) 106.5(4)  F(83)-C(87)-F(82) 106.6(4) 
F(62)-C(67)-F(61) 105.5(4)  F(81)-C(87)-C(83) 112.2(4) 
F(63)-C(67)-F(61) 105.9(4)  F(83)-C(87)-C(83) 113.4(4) 
F(62)-C(67)-C(63) 112.4(3)  F(82)-C(87)-C(83) 112.1(4) 
F(63)-C(67)-C(63) 113.2(4)  F(84)-C(88)-F(86) 107.1(3) 
F(61)-C(67)-C(63) 112.7(4)  F(84)-C(88)-F(85) 106.9(3) 
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F(86)-C(88)-F(85) 105.4(4)  F(86)-C(88)-C(85) 112.0(4) 















































Table 3.4  Atomic parameters x,y,z and Biso for complex 3b. 
 
 x y z Biso 
W(1) 3145(1) 5174(1) 996(1) 18(1) 
C(1) 2207(3) 5794(4) 635(1) 28(1) 
O(2) 1668(2) 6117(3) 414(1) 44(1) 
C(3) 2643(3) 4028(4) 143(1) 38(1) 
C(4) 3105(3) 4288(3) 517(1) 25(1) 
C(5) 3819(3) 4021(3) 739(1) 21(1) 
C(6) 4671(3) 3370(3) 758(1) 24(1) 
C(7) 4629(4) 2326(4) 655(1) 37(1) 
C(8) 5432(5) 1712(4) 683(2) 50(2) 
C(9) 6278(4) 2152(5) 801(2) 50(2) 
C(10) 6326(3) 3187(5) 896(1) 41(1) 
C(11) 5529(3) 3800(4) 886(1) 30(1) 
N(13) 2041(2) 4326(3) 1263(1) 20(1) 
C(14) 1391(3) 3700(4) 1000(1) 30(1) 
C(15) 782(3) 3071(4) 1253(2) 37(1) 
C(16) 865(3) 3653(4) 1626(2) 38(1) 
C(17) 1756(3) 4267(3) 1596(1) 25(1) 
C(18) 2191(3) 4777(4) 1939(1) 31(1) 
B(20) 4600(3) 6525(4) 1555(1) 21(1) 
N(21) 4230(2) 6254(3) 860(1) 22(1) 
C(23) 5500(3) 7236(4) 988(1) 32(1) 
N(22) 4823(2) 6656(3) 1142(1) 22(1) 
C(24) 5344(3) 7201(4) 607(2) 38(1) 
C(25) 4551(3) 6594(4) 534(1) 31(1) 
C(26) 6241(3) 7807(4) 1221(2) 45(1) 
C(27) 4101(4) 6319(5) 160(1) 44(1) 
N(31) 2851(2) 6481(3) 1375(1) 20(1) 
N(32) 3578(2) 6890(3) 1601(1) 20(1) 
C(33) 3240(3) 7605(3) 1835(1) 22(1) 
C(34) 2285(3) 7666(3) 1761(1) 24(1) 
C(35) 2060(3) 6974(3) 1473(1) 21(1) 
C(36) 3844(3) 8206(4) 2113(1) 29(1) 
C(37) 1117(3) 6792(4) 1286(1) 31(1) 
N(41) 4072(2) 4663(2) 1484(1) 19(1) 
N(42) 4668(2) 5369(3) 1664(1) 19(1) 
C(43) 5181(3) 4887(4) 1942(1) 26(1) 
C(44) 4912(3) 3854(4) 1946(1) 26(1) 
C(45) 4221(3) 3740(3) 1656(1) 23(1) 
C(46) 5914(3) 5450(4) 2181(1) 34(1) 
C(47) 3717(3) 2751(3) 1545(1) 30(1) 
B(50) 9105(3) -82(3) 1279(1) 17(1) 
C(51) 8923(3) -1329(3) 1361(1) 18(1) 
C(52) 8876(3) -2106(3) 1084(1) 18(1) 
C(53) 8731(3) -3149(3) 1171(1) 19(1) 
C(54) 8631(3) -3461(3) 1537(1) 22(1) 
C(55) 8696(3) -2708(3) 1819(1) 21(1) 
C(56) 8844(3) -1670(3) 1729(1) 19(1) 
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C(57) 8673(3) -3961(3) 870(1) 27(1) 
C(58) 8551(4) -3007(4) 2212(1) 33(1) 
C(61) 8362(3) 633(3) 1501(1) 16(1) 
C(62) 7486(3) 272(3) 1599(1) 19(1) 
C(63) 6823(3) 907(3) 1758(1) 20(1) 
C(64) 7019(3) 1956(3) 1827(1) 23(1) 
C(65) 7883(3) 2329(3) 1736(1) 25(1) 
C(66) 8532(3) 1693(3) 1575(1) 22(1) 
C(67) 5906(3) 459(4) 1859(1) 28(1) 
C(68) 8128(4) 3444(4) 1817(2) 44(1) 
C(71) 10206(3) 118(3) 1424(1) 17(1) 
C(72) 10473(3) 503(3) 1781(1) 22(1) 
C(73) 11409(3) 622(3) 1901(1) 24(1) 
C(74) 12120(3) 376(3) 1670(1) 25(1) 
C(75) 11884(3) -30(3) 1319(1) 24(1) 
C(76) 10940(3) -162(3) 1200(1) 20(1) 
C(77) 11662(3) 996(4) 2289(1) 34(1) 
C(78) 12630(3) -287(4) 1057(1) 35(1) 
C(81) 8896(3) 228(3) 839(1) 17(1) 
C(82) 9450(3) 880(3) 631(1) 20(1) 
C(83) 9189(3) 1173(3) 262(1) 22(1) 
C(84) 8357(3) 821(3) 90(1) 23(1) 
C(85) 7793(3) 181(3) 289(1) 22(1) 
C(86) 8052(3) -109(3) 654(1) 19(1) 
C(87) 9828(3) 1884(4) 62(1) 31(1) 
C(88) 6905(3) -262(4) 106(1) 27(1) 
F(51) 8884(3) -3610(2) 538(1) 53(1) 
F(52) 9257(2) -4768(2) 945(1) 52(1) 
F(53) 7823(2) -4389(3) 829(1) 55(1) 
F(54) 8818(5) -3971(3) 2293(1) 110(2) 
F(55) 7649(2) -2936(4) 2294(1) 78(1) 
F(56) 8993(2) -2398(2) 2464(1) 39(1) 
F(61) 5329(2) 266(3) 1560(1) 49(1) 
F(62) 6005(2) -453(2) 2038(1) 41(1) 
F(63) 5428(2) 1085(2) 2080(1) 55(1) 
F(64) 7457(3) 4007(3) 1902(3) 188(4) 
F(65) 8834(3) 3545(3) 2076(1) 82(1) 
F(66) 8512(3) 3915(3) 1526(1) 75(1) 
F(71) 11746(6) 278(3) 2527(1) 138(3) 
F(72) 11021(3) 1576(5) 2433(1) 130(2) 
F(73) 12396(4) 1551(5) 2318(1) 146(3) 
F(74) 13466(2) -454(3) 1235(1) 64(1) 
F(75) 12746(3) 491(3) 815(1) 66(1) 
F(76) 12441(2) -1126(2) 850(1) 40(1) 
F(81) 9807(2) 2860(2) 191(1) 49(1) 
F(82) 10730(2) 1585(3) 103(1) 59(1) 
F(83) 9620(2) 1943(2) -304(1) 45(1) 
F(84) 6488(2) 381(2) -143(1) 37(1) 
F(85) 7068(2) -1163(2) -72(1) 42(1) 
F(86) 6268(2) -498(2) 357(1) 34(1) 
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Coordination and Derivatization of 3, 4, and 6-Membered Nitrogen Heterocycles            
Bound to a Chiral Tungsten(II) Center 
 
 
4.1    Introduction 
 
    Nitrogen-containing heterocycles are critical components of natural products, antibiotics, 
and other pharmaceuticals, and they are also useful in the synthesis of numerous other 
chemically important molecules.1  The large number of publications devoted to 
stereoselective synthesis of nitrogen heterocycles reflects their prominence.2-5  Previously, 
our laboratory explored coordination of pyrrolidine to a chiral tungsten center and subsequent 
reactivity to form amine, amido, and imine-ligated complexes.6  Reaction of a nucleophile 
with a cyclic imine coordinated to a chiral metal center has resulted in high diastereomeric 
ratios of the amido products.  Our initial plan was to expand this reactivity pattern to other 
nitrogen heterocycles.  Herein we report synthesis of the more elusive three, four, and six-
membered heterocycle-ligated complexes utilizing aziridine, azetidine, and piperidine, 
respectively, as substrates.  Reactivity of the resulting chiral cyclic amido complexes to form 
imine and amine complexes is discussed, including nucleophilic addition to the carbon of 








4.2    Results and Discussion 
 
4.2.1    Aziridine Complexes 2, 3, and 4 
 
    Aziridine, the nitrogen analogue of epoxide, is a much weaker base (pKa = 7.9 for the 
conjugate acid) than its, four, five, and six-membered counterparts due in part to the 
increased pyramidalization around the nitrogen atom and increased s-character of the 
nitrogen lone pair.7  Recently, particular attention has been paid to the synthesis of aziridines 
because of their use in enantioselective aziridination reactions.8-12  Nucleophile addition to 
ring-open aziridines relieves ring strain.13  Indeed a ring opening addition reaction occurred 
during our attempts to synthesize a simple cationic aziridine metal complex.   
    Heating [Tp′W(CO)2(PhC≡CMe)][OTf] (1a) in THF for 1.5 hours produces the neutral 
triflate-coordinated complex, Tp′W(CO)(PhC≡CMe)(OTf) (νCO = 1924 cm-1, THF).  No 
reaction occurred after addition of excess aziridine in spite of continued heating.  Addition of 
triethylamine as a base and further refluxing for 5 h resulted in formation of a neutral 
complex (νCO = 1854 cm-1, THF).  We were unable to purify the crude air-sensitive 
compound.  [H.(OEt2)2][BAr′4] (BAr′4 = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) was 
added in an attempt to isolate the cationic aziridine complex.  Indeed a cationic species was 
obtained (νCO = 1922 cm-1, CH2Cl2), however analysis of crystals using 1H NMR, COSY, 
and X-ray diffraction confirmed formation of the ring-opened product, 
[Tp′W(CO)(PhC≡CMe)(NH2CH2CH2NCH2CH2)][BAr′4] (2).  Nucleophilic ring-opening of 
the aziridine ring is presumed to occur in the presence of triethylamine.  Presumably, the 
neutral amido complex forms prior to the protonation step that yields amine complex 2 (eq. 








































    Spectroscopic properties of complex 2 are consistent with those of other cationic amine 
complexes of the type [Tp′W(CO)(PhC≡CMe)(NH2CHRR′)]+ (R,R′ = H, alkyl, and aryl).14  
Protonation increases the CO stretching frequency in the IR by 60-90 cm-1 compared to 
cyclic amido complexes.6  The chemical shift of the alkyne methyl group (3.77 ppm) in the 
1H NMR (Figure 4.1) is typical of cationic complexes in this family of tungsten(II) 
derivatives.  The amine nitrogen-bound hydrogens and all of the methylene hydrogens are 
diastereotopic due to coordination to the chiral tungsten metal center.  A COSY NMR 
spectrum was necessary to assign all of the 1H NMR peaks.  The nitrogen-bound hydrogens 
appear as broad multiplets at 3.94 and 3.76 ppm.  The methylene hydrogens on the cyclic 
portion of the amine ligand resonate at 1.70, 1.60, 1.24, and 1.16 ppm, and appear as roofed 
multiplets.   
    An ORTEP diagram of amine complex 2 is shown in Figure 4.2.  Crystallographic data 
collection parameters are shown in Table 4.1.  A complete list of bond distances and angles is 
presented in Table 4.5, and atomic parameters are shown in Table 4.6.  As seen in the case of 
1-pyrroline complex, [Tp′W(CO)(PhC≡CMe)(N=CH2CH2CH2CH2)][BAr′4],6 the tungsten-
CO plane and alkyne triple bond are arranged approximately parallel in order to maximize 
metal dπ backbonding with the CO and alkyne ligands, while the amine ligand is oriented in 
a manner to provide the least sterically congested configuration for the complex.  The 
tungsten-amine W-N(12) bond distance of 2.205(3) Å reflects single bond character and is 




















































distance of 1.473(5) Å for the N(12)-C(13) bond is in the range of other N-C single bonds 
while the tungsten alkyne carbon bonds, W-C(4) and W-C(5), are consistent with a four-




Figure 4.2  ORTEP diagram of [Tp′W(CO)(PhC≡CMe)(NH2CH2CH2NCH2CH2)][BAr′4]  
  (2). 
 
    To limit competitive ring-opening, a lower reaction temperature was explored.  For a 
lower temperature reaction to occur, however, a stronger base was needed to deprotonate the 
aziridine.  To circumvent possible deprotonation of the methyl group on the phenyl propyne 
ligand in complex 1a, [Tp′W(CO)2(PhC≡CPh)][OTf] (1b), the diphenylacetylene analog, was 
used as the tungsten reagent.  Heating 1b in THF for 5 hours resulted in replacement of one 
of the carbonyl ligands with triflate to form the neutral complex, Tp′W(CO)(OTf)(PhC≡CPh) 
(νCO = 1931 cm-1, THF).  At -78 °C, either excess aziridine or 2-methylaziridine and 3 eq. 
nBuLi were added to form a neutral product (νCO = 1876 cm-1, THF).  We were again unable 
to isolate the product cleanly by either column chromatography or by attempting separation 
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with differences in solvent polarity.  In a CH2Cl2 solution, [H.(OEt2)2][BAr′4] was added to 
the crude product to form the cationic aziridine complexes, 








































R = H, Me
R
 
    As seen in similar experiments by Gladysz et. al.,15 attempts to abstract hydride from the 
aziridine amido intermediates using iodine in the presence of base did not yield the desired 1-
azirine products.  
    The terminal CO stretching frequency of complex 4, 1931 cm-1 (KBr), is significantly 
higher than that observed for the similar cationic pyrrolidine complex, 
[Tp′W(CO)(PhC≡CPh)(NHCH2CH2CH2CH2)][BAr′4], (νCO = 1904 cm-1).6  The less-basic 
aziridine ligand provides less electron density to the d4 W(II) center decreasing the π* CO 
occupation from the metal center causing the CO stretching frequency to be higher than that 
observed for the analogous pyrrolidine-substituted complex.  The 1H NMR spectrum (Figure 
4.3) of 4 indicates formation of two diastereomers (~65:35 ratio).  Two-dimensional NMR 
was required to correlate the aziridine ring signals to the respective diastereomer in the 1H 
NMR.  The major diastereomer of 4 possesses an aziridine ring methine resonance further 
downfield (3.81 ppm) than the methylene multiplets (2.15 and 1.76 ppm), while the opposite 
is seen for the minor isomer (methylene signals: δ = 3.73 and 3.06; methine signal: δ = 2.04).  
The chemical shifts of the aziridine ring methyl substituent for the major and minor 
diastereomers are 1.49 and 1.23 ppm, respectively.  Substituents in proximity to the ring 
current in the face of the Tp′ pyrazole rings are more shielded.  It is therefore likely that the 
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major diastereomer of 4 contains the aziridine ring with the methyl substituent directed away 
from the Tp′ pyrazole rings relative to the methyl substituent in the minor diastereomer.  The 
carbonyl carbon of the major isomer resonates at 231.0 ppm, and the alkyne carbon signals 
appear at 217.1, and 215.9 ppm in the 13C NMR spectrum, as expected for a cationic cyclic 
amine complex (Figure 4.4).    
    An ORTEP diagram of a single diastereomer of 4 (SWSC/RWRC) is seen in Figure 4.5.  
Crystallographic data collection parameters are shown in Table 4.1.  Selected bond distances 
and angles are listed in Table 4.4.  A complete list of bond distances and angles is presented 
in Table 4.7, and atomic parameters are shown in Table 4.8.  Complex 4 contains two 
stereogenic centers, the tungsten metal center and the aziridine ring carbon with the methyl 
substituent.  The crystal structure in Figure 4.2 displays the aziridine ring methyl substituent 
directed toward the Tp′ pyrazole rings, and is thus the minor diastereomer (SWSC/RWRC) as 
discussed above.  Chirality at tungsten was assigned by treating Tp′ as an η3 ligand and using 
the Baird/Sloan modification of the Cahn-Ingold-Prelog priority rules.16,17  The tungsten-
aziridine nitrogen, W-N(3), bond distance of 2.189(5) Å is slightly shorter than the distance 
seen for amine complex 2.  The N(3)-C(4) and N(3)-C(5) bond distances are 1.405(11) and 
1.475(11) Å, respectively, and the N(3)-C(5)-C(6) bond angle is 117.8(12)˚.  
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Figure 4.5  ORTEP diagram of  (SWSC)-[Tp′W(CO)(PhC≡CPh)(NHCHMeCH2)][BAr′4]  
                   (4). 
    
4.2.2    Azetidine Amido Complex 5 
 
    Historically, azetidines have been less studied than the related pyrrolidine, piperidine, and 
aziridine heterocycles.18,19  Chiral azetidines have shown particular use in ligand backbones 
for catalysts,20-23 as substrates in stereoselective ring enlargement,24 and as potential 
anticancer agents,25 therefore, methods for synthesis of enantiomerically pure azetidines are 
important.26  A method for diastereoselective addition to a chiral 1-azetine complex to 
produce a 2-methylazetidine amido complex is described below. 
    Heating [Tp′W(CO)2(PhC≡CMe)][OTf] (1a) in THF for 1.5 hours followed by refluxing 
for 5 hrs in the presence of excess azetidine (50% mixture with benzene) and triethylamine 
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resulted in replacement of the labile triflate ligand to form the crude azetidine amido 


























    The CO stretching frequency of azetidine amido complex 5, 1847 cm-1, is slightly higher 
than the analogous pyrrolidine amido complex, 1839 cm-1.6  The 1H NMR spectrum of 5 
(Figure 4.6) displays six distinct multiplets corresponding to the six diastereotopic methylene 
hydrogens on the azetidine amido ring bound to the chiral tungsten center.  The alkyne 
methyl group resonates at 3.13 ppm, consistent with a neutral product.  The alkyne carbons 
appear at 167.3 and 165.5 ppm in the 13C NMR spectrum (Figure 4.7) indicating competitive 
electron donation between the alkyne π⊥ electron pair and the amido nitrogen lone pair to the 
lone empty metal dπ orbital on the W(II) d4 center.   
    An ORTEP diagram of tungsten amido complex 5 is found in Figure 4.8.  Crystallographic 
data collection parameters are shown in Table 4.2.  Selected bond distances and angles are 
listed in Table 4.4.  A complete list of bond distances and angles is presented in Table 4.9, 
and atomic parameters are shown in Table 4.10.  The tungsten-amido nitrogen W(1)-N(3) 
bond distance, 1.965(2) Å, indicates some multiple-bond character due to π-donation from 
the amido nitrogen to the empty dπ orbital.  This distance is slightly shorter than that found 
in the pyrrolidine amido complex, Tp′(CO)(PhC≡CMe)(NCH2CH2CH2CH2), (2.00 Å) (see 
Section 3.2.1).  The azetidine amido nitrogen-α-carbon distances, N(3)-C(4) and N(3)-C(6), 





















































distances found in the analogous pyrrolidine amido complex, and are compatible with 
previously observed N-C single bonds.6,14     
 
 
Figure 4.8  ORTEP diagram of Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2) (5). 
 
4.2.3  1-Azetine Complex 6 
 
    Reaction of amido complex 5 with elemental iodine in the presence of triethylamine 
results in net hydride abstraction at the carbon α to the amido nitrogen.  Further reaction with 
Na[BAr′4] followed by purification by column chromatography resulted in clean formation of 






















    Oxidation of the neutral azetidine amido complex 5 raises the CO stretching frequency by 
90 cm-1 to 1937 cm-1 in complex 6.  Azetine complex 6 has a much higher CO stretching 
frequency than the analogous 1-pyrroline complex, 
[Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2)][BAr′4],6 1910 cm-1, presumably due to 
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decreased electron donation from the four-membered 1-azetine ring.  The imine proton on the 
α carbon resonates at 7.04 ppm in the 1H NMR spectrum of 6 (Figure 4.9), which is further 
downfield than the imine Cα proton in the related 1-pyrroline complex, 6.50 ppm.6  The 
alkyne carbons appear at 215.2 and 212.1 ppm in the 13C NMR (Figure 4.10), as is typical for 
a cationic four-electron donor alkyne complex containing an imine ligand.6,14 
    Figure 4.11 shows an ORTEP diagram of 1-azetine complex 6.  Crystallographic data 
collection parameters are shown in Table 4.2.  Selected bond distances and angles are listed 
in Table 4.4.  A complete list of bond distances and angles is presented in Table 4.11, and 
atomic parameters are shown in Table 4.12.  The tungsten-imine nitrogen, W(1)-N(1), bond 
length of 2.123(8) Å reflects a single W-N dative bond.  The N(1)-C(2) bond distance, 
1.283(12) Å, clearly indicates a N=C double bond, while the N(1)-C(4) bond distance of 
1.501(11) Å reflects a single N-C bond.  The imine double bond is located proximal to the 
Tp′ pyrazole rings, which is consistent with the imine position in the analogous 1-pyrroline 
complex.  As seen in cationic complexes 2 and 4, the single tungsten-imine nitrogen dative 
bond allows the imine ligand to rotate to the least sterically congested configuration.  This is 
evidenced in the rotation of the nitrogen heterocycle from nearly aligned with the W-CO 
bond in amido complex 5, 8.9(2)˚, to significantly canted 59.9(9)˚ in relation to the W-CO 









































































Figure 4.11  ORTEP diagram of [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2)][BAr′4] (6). 
 
4.2.4 2-Methylazetidine Amido Complex 7 
 
    Addition of MeMgBr to a THF solution of 1-azetine complex 6 results in formation of the 
2-methylazetidine complex, Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2) (7) (eq. 5).  Removal 
of salts followed by recrystallization from a concentrated pentane solution in the freezer 





















    Conversion of the cationic 1-azetine complex to the neutral 2-methylazetidinene complex 
causes a decrease in CO stretching frequency from 1937 cm-1 in complex 6 to 1850 cm-1 for 
amido complex 7.  This CO stretch is only slightly higher than the unsubstituted azetidine 
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amido complex 5, νCO = 1847 cm-1.  The 1H NMR spectrum (Figure 4.12) of the product 
indicated formation of a 96:4 ratio of diastereomers, where the SWRC/RWSC diastereomer is 
clearly formed in excess.  Two-dimensional NMR was used to assign the 1H NMR spectrum.  
The expected doublet representing the methyl substituent on the azetidine amido ring appears 
at 0.91 ppm for the major diastereomer in the 1H NMR, a slight downfield shift relative to the 
methyl doublet seen for the analogous 2-methylpyrrolidine amido complex, 
Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2CH2), 0.58 ppm.6  The alkyne carbons resonate at 
168.8 and 166.2 ppm in the 13C NMR (Figure 4.13) of complex 7, within range of the alkyne 
carbons shifts seen for azetidine amido complex 5.  The alkyne chemical shifts are 
reminiscent of a “three electron donor alkyne.”6,14,27-29  
    An ORTEP diagram of one isomer (SWRC) of complex 7 is shown in Figure 4.14 although 
both isomers of the major diastereomer pair of the 2-methylazetidine amido product are 
present in the unit cell.  Crystallographic data collection parameters are shown in Table 4.2.  
Selected bond distances and angles are listed in Table 4.4.  A complete list of bond distances 
and angles is presented in Table 4.13, and atomic parameters are shown in Table 4.14.  The 
molecule of pentane (solvent of crystallization) in the crystal structure has been omitted for 
clarity.  The W-N(3) distance of 1.969(3) Å seen for complex 7 is essentially equal to that 
found for the analogous azetidine amido complex 5, 1.965(2) Å.  The amido nitrogen-Cα 
bond distances, N(3)-C(4) and N(3)-C(6), are 1.492(5) and 1.489(5), respectively, and the 















































































Figure 4.14 ORTEP diagram of (SWRC)-Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2) (7). 
 
    The crystal structure displays the methyl group directed away from the Tp′ pyrazole rings.  
As in the case of nucleophile addition to the 1-pyrroline complex,6 Me- addition to 1-azetine 
complex 6 likely occurs by rotation of the imine ring followed by attack of the imine carbon 
on the side closest to the alkyne ligand (vs. CO and pyrazole ring) yielding the single 
diastereomer (eq. 6).  Once the 2-methylazetidine amido complex is formed, the competitive 
nitrogen lone pair donation to the single empty dπ orbital in this W(II) d4 complex results in 
the shorter tungsten-amido nitrogen bond, W-N(3), 1.969(3) Å.  Approximately equal 
populations of diastereomers would be expected if attack on the imine double bond were to 
occur with the imine between two Tp′ pyrazole rings followed by rotation about the tungsten-
amido nitrogen bond.  The configuration seen in Figure 4.5 allows the 2-methylazetidine 
plane to be aligned with the W-CO bond, 13.7(3)˚, for competitive donation relative to the 
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4.2.5 Azetidine Complex 8 
 
    Addition of [H.(OEt2)2][BAr′4] to 5 in CH2Cl2 resulted in formation of the cationic 
azetidine complex, [Tp′W(CO)(PhC≡CMe)(NHCH2CH2CH2)][BAr′4] (8) (eq. 7).  
Purification by alumina chromatography followed by recrystallization from CH2Cl2/hexanes 
produced blue crystals.  The CO stretching frequency for complex 8 is 1928 cm-1, slightly 
lower than that seen for 2-methylaziridine complex 4, 1931 cm-1, as expected for the more 























    Two-dimensional NMR spectroscopy was necessary to assign the 1H NMR peaks.  The 
nitrogen-bound proton appears at 4.33 ppm in the 1H NMR (Figure 4.15) of complex 8.  The 
azetidine ring methylene protons are diastereotopic and appear as distinct multiplets in the 1H 
NMR spectrum.  The alkyne methyl signal appears at 3.72 ppm in the 1H NMR indicating 






















































13C NMR (Figure 4.16).  The observed downfield shift compared to the alkyne carbon signals 
in amido complex 5 confirms conversion from an alkyne in competition with an amido π-
donor group to a four-electron donor alkyne.   
    An ORTEP diagram of complex 8 is found in Figure 4.17.  Crystallographic data 
collection parameters are shown in Table 4.2.  Selected bond distances and angles are listed 
in Table 4.4.  A complete list of bond distances and angles is presented in Table 4.15, and 
atomic parameters are shown in Table 4.16.  The tungsten-azetidine nitrogen, W-N(3), 
distance of 2.182(4) Å is consistent with a single dative bond.  The azetidine nitrogen-α-
carbon bonds, N(3)-C(4) and N(3)-C(6) are clearly N-C single bonds, 1.500(6) and 1.488(7) 
Å, respectively, while the plane including the azetidine ring is only shifted by 15.9˚ from 
parallel relative to the W-CO bond.  In this case, the free rotation of the azetidine ring allows 
the ring to bisect the two cis Tp′ pyrazole rings.          
 
 







4.2.6 Synthesis of 2,3,4,5-tetrahydropyridine Complexes 9a,b 
 
    Piperidine is a common moiety found in numerous biologically active compounds and 
natural products.30  Accordingly, much attention has been paid to the enantioselective 
synthesis of piperidine derivatives.31-34 
    Heating a THF solution of either complex 1a or 1b followed by addition of excess 
piperidine and deprotonation with 3 eq. nBuLi at -78 ˚C resulted in formation of a red 
solution.  IR spectroscopy suggested the presence of a neutral W(II) d4 species.  1H NMR 
spectroscopy indicated formation of piperidine amido species; however, attempts to isolate 
crystals of these compounds were unsuccessful.  Addition of elemental iodine in the presence 
of triethylamine resulted in net hydride abstraction and the formation of 2,3,4,5-
tetrahydropyridine (piperidine imine) complexes 9a,b (eq. 8).  Purification by alumina 
column chromatography followed by recrystallization from CH2Cl2/hexanes (9a), or slow 





























1)  ∆, THF
2)           , nBuLi
(8)
R = Me/Ph: a/b
 
 
    A CO stretch at 1941 cm-1 (KBr) was found for 9a, a slightly higher frequency than that 
seen for cyclic imine complex 6.  The imine proton resonates at 6.55 ppm in the 1H NMR 
spectrum (Figure 4.17) of complex 9a, slightly downfield compared to the analogous 1-
pyrroline signal (6.50 ppm).  The alkyne methyl signal is found at 3.82 ppm reflecting 
formation of a cationic W(II) d4 complex.  The carbonyl carbon appears at 229.2 ppm in the 
13C NMR spectrum while the alkyne carbons resonate at 215.2 and 212.6 ppm (Figure 4.18). 
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Figure 4.19 displays an ORTEP diagram of complex 9a.  Crystallographic data collection 
parameters are shown in Table 4.3.  Selected bond distances and angles are listed in Table 
4.4.  A complete list of bond distances and angles is presented in Table 4.17, and 
atomicparameters are shown in Table 4.18.  The W-N(12) bond distance of 2.186(2) Å is 
slightly longer than that found in the 1-pyrroline complex, 2.135(7) Å.6  The imine double 
bond is 1.312(4) Å in length for complex 9a and is situated proximal to two pyrazole rings, 
as observed previously for nitrogen heterocycle-ligated W(II) d4 imine complexes.6  The 
tungsten-alkyne carbon bond distances of 2.054(3) and 2.019(3) Å are consistent with a four-
electron donor alkyne.  The plane containing the 2,3,4,5-tetrahydropyridine ligand deviates 




Figure 4.20  ORTEP diagram of [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2CH2)][BAr′4]  
                     (9a). 
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4.2.7 Reactivity of 2,3,4,5-tetrahydropyridine Complex 9b 
 
    As previously shown, diastereoselective nucleophile addition to the imine carbon can 
occur in the Tp′W(CO)(PhC≡CMe) system.35-39  Reactivity of the heterocyclic imine-ligated 
complexes at the position β to nitrogen, however, is limited due to the propensity for strong 
bases to deprotonate the methyl group of the alkyne ligand (see section 3.2.6).  In order to 
prevent alkyne methyl group deprotonation, the reactivity of complex 9b, containing the 
diphenyl alkyne ligand, was explored.   
    Addition of tBuLi to a THF solution of complex 9b resulted in a drop in CO stretching 
frequency from 1935 cm-1 (THF) to 1877 cm-1 (THF) indicating formation of a neutral W(II) 
d4 complex.  Although isolation of a pure solid was not accomplished, 1H NMR spectroscopy 
in THF-d8 suggested formation of enamido complex 10 (eq. 9).  COSY NMR was used to 
assign the peaks in the 1H NMR spectrum of complex 10.  Doublets at 5.87 and 3.74 ppm 
were assigned as the α and β enamido protons, respectively.  Additionally, each of the 























    Addition of Me+ reagents to enamido complex 10 was unsuccessful.  Removal of THF in 
vacuo and redissolving in any other solvent resulted in reformation of complex 9b.  Addition 
of excess D2O and 1 equivalent of B(C6F5)3 to a THF solution of complex 10 gave the β-
deuterated imine complex 9b-d1 (eq. 10).  The 2H NMR spectrum of complex 9b-d1 displays 
signals at 2.26 and 2.50 ppm which correspond to the methylene hydrogens adjacent to the 
imine carbon in the 1H NMR spectrum of complex 9b.  The 2H NMR signals appear in a ratio 
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of approximately 1:1, therefore there is little diastereoselectivity in D+ addition to complex 
























    A variety of nitrogen heterocycles bound to a chiral tungsten center have been synthesized 
and characterized.  Although ring-opening of aziridine can occur, successful synthesis of 
aziridine complexes 3 and 4 has been achieved at low temperature.  An azetidine amido 
complex, 5, was synthesized and shown to have similar properties to the pyrrolidine 
analogue.  Oxidation of amido complex 5 with I2 in the presence of a weak base provided the 
1-azetine complex 6.  Upon addition of a nucleophilic methyl to the imine carbon of complex 
6, formation of one diastereomer (SWRC/RWSC) of the 2-methylazetidine complex 7 was 
observed in large excess (96:4 dr).  Addition of [H.(OEt2)2][BAr′4] to complex 5 results in 
formation of cationic azetidine complex 8.  Synthesis and X-ray characterization of a 2,3,4,5-
tetrahydropyridine complex 9b has been achieved.  Addition of base to 9b results in 
formation of enamido complex 10.  Subsequent addition of [D+] to the enamido β-carbon 
resulted in little diastereoselectivity in the formation of the deuterated product, 9b-d1.  The 




























































































































1)  ∆, THF





     
 








4.4 Experimental Section 
 
    General Procedures.  Reactions were carried out under a nitrogen atmosphere using 
standard Schlenk techniques.  Methylene chloride, diethyl ether, toluene, pentane, and 
hexanes were purified by passage through a column of activated alumina.  Tetrahydrofuran 
was distilled under nitrogen from sodium and benzophenone.  CD2Cl2 was distilled from 
CaH2 and degassed by several freeze, pump, thaw cycles.  
[Tp′W(CO)2(PhC≡CMe)][OTf],35,40 Na[BAr′4],41 [H.(OEt2)2][BAr′4],42 aziridine,43 and 
azetidine44 were synthesized according to literature procedures.  All other chemicals were 
used unaltered from the commercial packaging. 
    NMR spectra were obtained using a Bruker AMX300, DRX400, or AMX400.  2D spectra 
were recorded on the Bruker AMX400.  The 2H NMR spectrum was obtained on a Bruker 
DRX500 spectrometer.   Elemental analyses were obtained from Atlantic Microlabs, 
Norcross, GA. 
    [Tp′W(CO)(PhC≡CMe)(NH2CH2CH2NCH2CH2)][BAr′4] (2). 
    [Tp′W(CO)2(PhC≡CMe)][OTf] (1a) (0.302 g, 0.376 mmol) was dissolved in THF (40 mL) 
and the green solution was heated at reflux.  After 1.5 h. the solution had turned blue and the 
IR spectrum showed a single CO stretch at 1924 cm-1 indicating formation of 
Tp′W(CO)(PhC≡CPh)(OTf).  Excess aziridine (0.1 mL, 2.07 mmol) was added and the 
solution was refluxed overnight.  No reaction was observed.  NEt3 (0.3 mL, 2.15 mL) was 
added and the solution was again refluxed.  After 5 h. the IR spectrum of the red solution 
showed a CO stretch at 1854 cm-1.  Solvent was removed in vacuo.  The resulting oily red 
solid was dissolved in 1 mL CH2Cl2 and pentane (40 mL) was added.  The solution was 
cannula-filtered to a separate flask and solvent was removed in vacuo.  The solid (0.91 g) 
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was dissolved in 10 mL CH2Cl2 and [H.(OEt2)2][BAr′4] (0.236 g, 0.233 mmol) was added.  
The solution immediately turned light blue.  Solvent volume was reduced to 2 mL in vacuo 
and pentane (40 mL) was added.  Solvent was cannula-filtered away leaving a blue oily solid.  
The solid was dissolved in the minimum amount of CH2Cl2 and run down an alumina column 
using a 50:50 mixture of CH2Cl2/hexanes.  The blue fraction was collected and dried by 
rotary evaporation.  X-ray quality crystals were grown by layering a CH2Cl2 solution of the 
product with excess hexanes (0.026g, 12.9% yield).  IR (CH2Cl2):  νCO = 1922 cm-1.  1H 
NMR (CD2Cl2, δ):  7.33 (m, 3H, m,p-Ph), 6.75 (m, 2H, o-Ph), 6.06, 5.98, 5.79 (s, 3H, Tp′-
CH), 3.94, 3.76 (m, 2H, NH2CH2CH2NCH2CH2), 3.77 (s, 3H, PhC≡CCH3), 3.18 (m, 1H, 
NH2CHHCH2NCH2CH2), 2.23 (m, 1H, NH2CH2CHHNCH2CH2), 2.15 (m, 2H, 
NH2CHHCHHNCH2CH2), 1.70 (m, 1H, NH2CH2CH2NCHHCH2), 1.60 (m, 1H, 
NH2CH2CH2NCHHCH2), 1.23 (m, 1H, NH2CH2CH2NCH2CHH), 1.16 (m, 1H, 
NH2CH2CH2NCH2CHH), 2.73, 2.57, 2.51, 2.41, 1.50, 1.32 (s, 18H, Tp′-CH3).   
    [Tp′W(CO)(PhC≡CPh)(NHCHMeCH2)][BAr′4] (4).  [Tp′W(CO)2(PhC≡CPh)][OTf] 
(1b) (0.304 g, 0.352 mmol) was dissolved in THF (60 mL) and the green solution was heated 
at reflux.  After 4 h. the CO stretching frequency was 1931 cm-1 (THF) indicating formation 
of a neutral OTf-ligated species.  The solution was allowed to cool to room temperature.  A 
90% solution of 2-methylaziridine was added (0.14 mL, 1.78 mmol).  The flask was placed 
in a dry ice/isopropanol bath.  Once the solution was cooled to -78 °C, nBuLi (1.14 mL, 1.6 
M) was added and the solution became dark red.  IR spectroscopy indicated complete 
conversion to an amido species, νCO = 1874 cm-1 (THF).  Solvent was removed by rotary 
evaporation.  The resulting brown oily solid was dissolved in 2 mL CH2Cl2 and 40 mL of 
pentane were added.  The solution was cannula-filtered to a separate flask.  The solvent was 
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removed in vacuo resulting in a red/brown powder.  1H NMR of the powder indicated 
formation of crude amido complex, Tp′W(CO)(PhC≡CPh)(NCHMeCH2) (0.184 g, 0.248 
mmol).  The product was dissolved in CH2Cl2 (15 mL).  HBAr′4 (0.264 g, 0.261 mmol) was 
added and the solution turned green.  IR spectroscopy indicated formation of a cationic 
species νCO = 1928 cm-1 (CH2Cl2).  Solvent was removed in vacuo.  The green oily solid was 
dissolved in 1 mL CH2Cl2 and 40 mL pentane were added.  The solvent was cannula-filtered 
away from the resulting green solid.  The solid was dissolved in 1 mL CH2Cl2 and run down 
a silica column with a 1:1 mixture of CH2Cl2 and hexanes.  The green fraction was collected 
and rotary evaporated to dryness.  X-ray quality crystals were formed by addition of excess 
pentane to dissolve the solid and then allowing the solution to sit (0.157g, 39.3% yield).  IR 
(KBr): νCO = 1933 cm-1.  1H NMR (CD2Cl2, δ):  (major) 7.81, 7.30,  (m, 6H, m,p-Ph), 7.80, 
6.60 (m, 4H, o-Ph), 6.10, 5.93, 5.81 (s, 3H, Tp′-CH), 3.81 (m, 1H, NHCHMeCH2), 2.15 (m, 
1H, NHCHMeCHH), 1.76 (m, 1H, NHCHMeCHH), 2.88, 2.61, 2.56, 2.44, 1.46, 1.34 (s, 
18H, Tp′-CH3), 1.49 (d, 3JHH = 5.6 Hz, 3H, NHCHMeCH2).  1H NMR (CD2Cl2, δ):  (minor) 
7.69 (m, 10H, o,m,p-Ph), 6.10, 5.91, 5.81 (s, 3H, Tp′-CH), 3.73 (m, 1H, NHCHMeCH2), 3.06 
(m, 1H, NHCHMeCHH), 2.04 (m, 1H, NHCHMeCHH), 1.79 (br s, 1H, NHCHMeCH2) 2.85, 
2.60, 2.57, 2.45, 1.44, 1.33 (s, 18H, Tp′-CH3), 1.23 (d, 3JHH = 5.6 Hz, 3H, NHCHMeCH2).  
13C{1H} NMR (CD2Cl2, δ): (major) 231.0 (CO), 217.1, 215.9 (PhC≡CMe), 154.6, 152.3, 
151.9 (x2), 148.3, 148.1 (Tp′-CMe), 136.5, 136.0 (ipso-Ph), 132.2 (x2) (p-Ph), 130.8, 130.2, 
129.2, 129.0 (o,m-Ph), 109.6, 108.3, 108.2 (Tp′-CH), 48.9 (NHCHMeCH2), 42.9 
(NHCHMeCH2), 19.4 (PhC≡CMe), 16.2 (NHCHMeCH2), 16.2 (x2), 13.0 (x2), 12.8 (x2) 
(Tp′-CH3).  13C{1H} NMR (CD2Cl2, δ): (minor) 230.6 (CO), 229.9, 228.5 (PhC≡CMe), 
154.6, 154.3, 151.9 (x2), 148.0, 146.3 (Tp′-CMe), 136.5, 136.2 (ipso-Ph), 129.6 (x2) (p-Ph), 
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131.1, 130.2, 129.4, 129.0 (o,m-Ph), 109.6, 109.3, 109.0 (Tp′-CH), 46.2 (NHCHMeCH2), 
42.6 (NHCHMeCH2), 19.7 (PhC≡CMe), (NHCHMeCH2), 16.2, 16.1, 16.0, 15.5, 15.2, 13.1, 
12.8 (NHCHMeCH2, Tp′-CH3).  Anal. Calcd for C65H47N7WOB2F24: C, 48.69; H, 2.95; N, 
6.11.  Found:  C, 48.41; 2.98; N, 6.15. 
    Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2) (5).   
Method A.  [Tp′W(CO)2(PhC≡CMe)][OTf] (1a) (0.306 g, 0.381 mmol) was dissolved in 
THF (40 mL) to form a green solution, which was heated at reflux for 1.5 h.  After 1.5 h the 
solution had turned blue indicating formation of the neutral complex, 
Tp′W(CO)(PhC≡CMe)(OTf) (νCO = 1924 cm-1 (THF)).  Azetidine (0.12 mL, 1.78 mmol) was 
added to the solution followed by NEt3 (0.25 mL, 1.80 mmol).  After 5 h heating at reflux the 
solution had turned dark red and IR spectroscopy indicated amido product formation (νCO = 
1852 cm-1).  Solvent was removed by rotary evaporation.  The dark red oil that remained was 
dissolved in 1 mL CH2Cl2 followed by addition of 40 mL pentane and stirred to precipitate 
unwanted salts.  The red solution was cannula-filtered to a separate flask where solvent was 
then removed in vacuo.  A 1H NMR spectra was taken of the residue indicating formation of 
crude amido complex, Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2) (0.157 g, 0.221 mmol).   
    Method B.  1-Azetine complex 6 (91.0 mg, 0.059 mmol) was dissolved in THF (20 mL). 
LiHBEt3 (0.40 mL, 1.0 M) was added, and the solution turned red.  Solvent was removed in 
vacuo.  The product was extracted from the residue with pentane.  Solvent was again 
removed in vacuo, and crystals were obtained from a concentrated pentane solution in the 
freezer (0.014 g, 33.5% yield).  IR (KBr):  νCO = 1847 cm-1. 1H NMR (CD2Cl2, δ):  7.04, 6.97 
(m, 3H, m,p-Ph), 6.29 (d, 2H, o-Ph), 5.92, 5.73, 5.55 (s, 3H, Tp′-CH), 5.05 (m, 1H, 
NCHHCH2CH2), 4.25 (m, 1H, NCHHCH2CH2), 4.02 (m, 1H, NCH2CH2CHH), 3.20 (m, 1H, 
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NCH2CH2CHH), 3.12 (s, 3H, PhC≡CCH3), 2.31, 2.07 (m, 2H, NCH2CH2CH2), 2.91, 2.52, 
2.37, 2.36, 1.57, 1.51 (s, 18H, Tp′-CH3).  13C{1H} NMR (CD2Cl2, δ):  236.2 (CO), 167.3, 
165.5 (PhC≡CMe), 153.6, 152.2, 151.0, 144.5, 144.1, 143.8 (Tp′-CMe), 138.1 (ipso-Ph), 
128.7, 128.0 (o,m-Ph), 126.0 (p-Ph), 107.4, 107.2, 106.2 (Tp′-CH), 69.0 (NCH2CH2CH2), 
60.3 (NCH2CH2CH2), 24.1 (NCH2CH2CH2), 18.1 (PhC≡CMe), 15.5 (x2), 15.2, 13.0, 12.9, 
12.8 (Tp′-CH3). 
    [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2)][BAr′4] (6).  Azetidine amido complex 5 
(0.157 g, 0.221 mmol) was dissolved in CH2Cl2 (20 mL).  Iodine (0.057g, 0.225 mmol) and 
NEt3 (31 µL, 0.224 mmol) were added, and the solution was allowed to stir for 1h. Na[BAr′4] 
was quickly added under positive N2 flow and a white precipitate formed.  The solution was 
cannula-filtered, and solvent was removed from the blue filtrate in vacuo.  The residue was 
purified on an alumina column using 1:1 CH2Cl2/hexanes as the first eluent, and then neat 
CH2Cl2 was used after the product was loaded onto the column.  The dark blue band was 
collected, solvent was removed by rotary evaporation, and the residue was recrystallized 
from CH2Cl2/hexanes (0.182 g, 53.4% yield).  IR (KBr):  νCO = 1937 cm-1.  1H NMR 
(CD2Cl2, δ):  7.34 (m, 3H, m,p-Ph), 6.80 (dd, 2H, o-Ph), 7.04 (s, 1H, N=CHCH2CH2), 6.05, 
5.94, 5.79 (s, 3H, Tp′-CH), 4.45 (m, 1H, N=CHCH2CHH), 3.83 (s, 3H, PhC≡CCH3), 3.64 
(m, 1H, N=CHCH2CHH), 3.56, (m, 1H, N=CHCHHCH2), 3.39 (s, 1H, N=CHCHHCH2), 
2.56, 2.52, 2.48, 2.42, 1.28, 1.23 (s, 18H, Tp′-CH3).  13C{1H} NMR (CD2Cl2, δ):  227.6 
(CO), 215.2, 212.1 (PhC≡CMe), 188.4 (N=CHCH2CH2), 153.5, 152.4, 150.7, 148.0 (x2), 
146.4 (Tp′-CMe), 135.9 (ipso-Ph), 131.4 (p-Ph), 130.1, 129.4 (o,m-Ph), 109.2 (x2), 108.1 
(Tp′-CH), 65.3 (N=CHCH2CH2), 37.3 (N=CHCH2CH2), 31.0 (PhC≡CMe), 15.9, 15.7, 13.8, 
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13.0, 12.9, 12.8 (Tp′-CH3).  Anal. Calcd for C60H47N7OB2F24W:  C, 46.69; H, 3.07; N, 6.30.  
Found:  C, 46.95; H, 3.02; N, 6.31. 
    Tp′W(CO)(PhC≡CMe)(NCHMeCH2CH2) (7).  Imine complex 6 (0.145 g, 0.094 mmol) 
was dissolved in THF (10 mL).  An excess of MeMgBr (0.2 mL, 3.0 M in Et2O) was added 
and the solution turned dark red. Solvent was removed in vacuo.  The resulting dark red oil 
was dissolved in 1 mL CH2Cl2 and 40 mL pentane were added forming a white precipitate.  
The solution was cannula-filtered, and solvent was again removed in vacuo.  The resulting 
solid was then extracted with pentane followed by solvent removal.  Crystals were grown 
from a concentrated pentane solution in the freezer (g, % yield).  IR (KBr):  νCO = 1850 cm-1.  
1H NMR (CD2Cl2, δ):  7.05, 6.98 (m, 3H, m,p-Ph), 6.26 (m, 2H, o-Ph), 5.91, 5.72, 5.57 (s, 
3H, Tp′-CH), 5.05 (m, 1H, NCHMeCH2CH2), 3.93 (m, 1H, NCHMeCH2CHH), 3.15 (s, 3H, 
PhC≡CCH3), 3.06 (m, 1H, NCHMeCH2CHH), 2.45, 1.66 (m, 2H, NCHMeCH2CH2), 2.88, 
2.52, 2.37, 2.36, 1.61, 1.52 (s, 18H, Tp′-CH3), 0.91 (d, 3JHH = 6.4 Hz, 3H, NCHMeCH2CH2).  
13C{1H} NMR (CD2Cl2, δ):  235.6 (CO), 168.8, 166.2 (PhC≡CMe), 153.4, 152.4, 151.2, 
144.5, 144.0, 143.6 (Tp′-CMe), 138.2 (ipso-Ph), 128.6, 128.0 (o,m-Ph), 126.0 (p-Ph), 107.4, 
107.2, 106.2 (Tp′-CH), 72.9 (NCHMeCH2CH2), 56.4 (NCHMeCH2CH2), 30.1 
(NCHMeCH2CH2), 26.3 (NCHMeCH2CH2), 18.3 (PhC≡CMe), 15.6, 15.3, 15.2, 13.0, 12.8 
(x2) (Tp′-CH3). 
    [Tp′W(CO)(PhC≡CMe)(NHCH2CH2CH2)][BAr′4] (8).  Azetidine amido complex 5 
(0.132 g, 0.194 mmol) and [H.(OEt2)2][BAr′4] (0.168 g, 0.194 mmol) were combined and 
dissolved in 10 mL CH2Cl2.  The solution turned from dark red to dark green immediately 
and after 20 min the solvent was reduced to 2 mL in vacuo.  Pentane (40 mL) was added and 
the solution was stirred.  Solvent was filtered away from the green solid that formed.  The 
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solid was purified on an alumina column using 1:1 CH2Cl2/hexanes.  The green fraction was 
collected, solvent was removed by rotary evaporation, and the residue was recrystallized 
from CH2Cl2/hexanes (0.182 g, 60.7% yield).  IR (KBr):  νCO = 1928 cm-1.  1H NMR 
(CD2Cl2, δ):  7.31 (m, 3H, m,p-Ph), 6.66 (m, 2H, o-Ph), 6.15, 5.96, 5.73 (s, 3H, Tp′-CH), 
4.59 (m, 1H, NHCHHCH2CH2), 4.33 (m, 1H, NHCH2CH2CH2), 3.86 (m, 1H, 
NHCHHCH2CH2), 3.72 (s, 3H, PhC≡CCH3), 3.29, 3.19 (m, 2H, NHCH2CH2CH2), 2.61, 2.30 
(m, 2H, NHCH2CH2CH2), 2.99, 2.58, 2.50, 2.45, 1.61, 1.21 (s, 18H, Tp′-CH3).  13C{1H} 
NMR (CD2Cl2, δ):  230.9 (CO), 212.0, 209.7 (PhC≡CMe), 154.5, 151.7, 150.7, 148.5, 147.9, 
146.5 (Tp′-CMe), 135.8 (ipso-Ph), 131.1 (p-Ph), 129.4, 129.1 (o,m-Ph), 117.9, 110.0, 108.0 
(Tp′-CH), 60.4 (NHCH2CH2CH2), 55.0 (NHCH2CH2CH2), 23.0 (NHCH2CH2CH2), 16.2, 
14.3 (x2), 13.2, 12.9, 12.8 (Tp′-CH3), 15.8 (PhC≡CMe).  Anal. Calcd for C60H49N7WOB2F24: 
C, 46.63; H, 3.20; N, 6.34.  Found:  C, 46.33; 3.17; N, 6.66. 
    [Tp′W(CO)(PhC≡CMe)(N=CHCH2CH2CH2CH2)][BAr′4] (9a).  Complex 1a (0.305 g, 
.380 mmol) was dissolved in 40 mL THF and refluxed for 1.5 h.  The solution was cooled to 
room temperature and piperidine (0.08 mL, 0.81 mmol) was added followed by nBuLi (2.5 
M, 0.75 mmol).  The solution turned dark red and IR spectroscopy suggested formation of an 
amido complex, νCO = 1852 cm-1 (THF).  Solvent was removed in vacuo.  The resulting oily 
red solid was dissolved in 1.5 mL CH2Cl2 and 40 mL of pentane were added.  The solution 
was cannula-filtered to a separate flask and solvent was again removed in vacuo.  1H NMR 
spectroscopy indicated formation of a crude sample of the desired amido complex, 
Tp′W(CO)(PhC≡CMe)(NCH2CH2CH2CH2CH2) (0.130 g, 0.183 mmol).  The product was 
dissolved in 15 mL CH2Cl2 and elemental iodine ( 0.052 g, 0.205 mmol) was added followed 
by NEt3 (0.03 mL, 0.215 mmol).  The solution turned green and was allowed to stir for 1h.  
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NaBAr′4 (0.164 g, 0.185 mmol) was added and an IR spectrum was recorded showing:  νCO = 
1928 cm-1 (CH2Cl2).  The solution was cannula-filtered to a separate flask and the volume 
was reduced to ~2 mL.  Pentane (40 mL) was added and the solvent was cannula-filtered 
away.  The green oily solid was dissolved in 1 mL CH2Cl2 and run down an alumina column 
using a 50:50 mixture of CH2Cl2 and hexanes.  The blue fraction was collected and rotary 
evaporated to dryness.  X-ray quality crystals of imine complex 9a were obtained by layering 
a 1 mL CH2Cl2 solution of the product with 40 mL hexanes (0.186 g, 64.6% yield).  IR 
(KBr):  νCO = 1941.  1H NMR (CD2Cl2, δ):  7.32 (m, 3H, m,p-Ph), 6.72 (m, 2H, o-Ph), 6.03, 
5.94, 5.77 (s, 3H, Tp′-CH), 6.55 (m, 1H, N=CHCH2CH2CH2CH2), 3.82 (s, 3H, PhC≡CCH3), 
4.08 (m, 1H, N=CHCH2CH2CH2CHH), 2.64 (m, 1H, N=CHCH2CH2CH2CHH), 2.45 (m, 1H, 
N=CHCHHCH2CH2CH2), 2.26 (m, 1H, N=CHCHHCH2CH2CH2), 1.77 (m, 1H, 
N=CHCH2CHHCH2CH2), 1.54 (m, 1H, N=CHCH2CHHCH2CH2), 1.31 (m, 1H, 
N=CHCH2CH2CHHCH2), 1.27 (m, 1H, N=CHCH2CH2CHHCH2), 2.56, 2.50, 2.44, 2.41, 
1.32, 1.16 (s, 18H, Tp′-CH3).  13C{1H} NMR (CD2Cl2, δ):  229.2 (CO), 215.1, 212.6 
(PhC≡CMe), 175.7 (N=CHCH2CH2CH2CH2), 153.4, 152.4, 151.2, 147.9 (x2), 146.5 (Tp′-
CMe), 136.1 (ipso-Ph), 131.0 (p-Ph), 129.7, 129.3 (o,m-Ph), 109.5, 109.4, 108.1 (Tp′-CH), 
60.1 (N=CHCH2CH2CH2CH2), 31.3 (N=CHCH2CH2CH2CH2), 24.0 
(N=CHCH2CH2CH2CH2), 22.8 (N=CHCH2CH2CH2CH2), 16.4, 16.1, 15.5, 14.1, 12.9, 12.8 
(Tp′-CH3), 12.9 (PhC≡CMe).      
    Tp′W(CO)(PhC≡CPh)(NCH=CHCH2CH2CH2) (10).  In an NMR tube, complex 9b 
(0.015 g, 0.0092 mmol) was dissolved in 0.7 mL THF-d8.  tBuLi (0.006 mL, 1.7 M) was 
added and the solution immediately turned brown.  NMR spectra were taken of the product.  
IR suggested formation of a neutral complex, νCO = 1877 cm-1 (THF).  1H NMR (THF-d8, δ):  
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7.89 (d, 2H, m-Ph), 7.46 (m, 2H, o-Ph), 7.37 (m, 1H, p-Ph), 6.99 (m, 3H, o,p-Ph), 6.34 (d, 
2H, m-Ph), 5.87 (m, 1H, NCH=CHCH2CH2CH2), 5.85, 5.69, 5.63 (s, 3H, Tp′-CH), 4.73 (m, 
1H, NCH=CHCH2CH2CHH), 4.41 (m, 1H, NCH=CHCH2CH2CHH), 3.75 (m, 1H, 
NCH=CHCH2CH2CH2), 3.49 (m, 1H, NCH=CHCHHCH2CH2), 2.61 (m, 1H, 
NCH=CHCHHCH2CH2), 2.13 (m, 1H, NCH=CHCH2CHHCH2), 1.99 (m, 1H, 
NCH=CHCH2CHHCH2), 2.70, 2.54, 2.46, 2.36, 1.64, 1.44 (s, 18H, Tp′-CH3). 
    [Tp′W(CO)(PhC≡CMe)(N=CHCHDCH2CH2CH2)][BAr′4] (9b-d1).  Complex 9b 
(0.048 g, 0.0294 mmol) was dissolved in 12 mL THF.  tBuLi (0.020 mL, 1.7 M) was added 
and the solution immediately turned brown.  IR suggested formation of a neutral complex, 
νCO = 1877 cm-1 (THF).  Excess D2O (0.01 mL, 0.56 mmol) was added to the solution 
followed by 2 eq. B(C6F5)3 (0.030 g, 0.0586 mmol).  The solution returned to a green color.  
IR suggested reformation of a cationic complex, νCO = 1935 cm-1 (THF).  Solvent was 
removed in vacuo.  The resulting solid was dissolved in CH2Cl2 (1 mL) and pentane (40 mL) 
was added.  Solvent was cannula-filtered away from the green oily solid.  A 2H NMR 


















Table 4.1.  Crystallographic Data for Aziridine complexes 2, and 4. 
 
 2 4 
Formula C61H52B2F24N8OW C65H51B2F24N7OW 
Mol wt 1574.58 1607.60 
Cryst syst Triclinic Triclinic 
Space group P-1 P-1 
a, Å 12.6969(5) 10.5967(11) 
b, Å 15.9081(6) 16.8774(18) 
c, Å 16.3808(6) 21.560(2) 
α, deg 81.954(2) 110.454(6) 
β, deg 88.458(2) 102.861(5) 
γ, deg 80.014(2) 92.574(6) 
V, Å3 3226.4(2) 3490.3(6) 




F(000) 61564 1596 
temp, K 100(2)  296(2)  
2θ range, deg 1.26 – 25.00  1.04 – 25.00  
µ, mm-1 1.908 1.765 
total no. of  rflns 71740 46581 
total no. of 
unique rflns 
11340 12282 
Rmerge 0.0609 0.0376 
RF, % 0.0335 0.0405 
RW, % 0.0694 0.0972 
GoF 1.012 1.009 
residual density, 
e/ Å-3 



















Table 4.2.  Crystallographic Data for azetidine amido (5, 7), imine (6) and amine (8) 
complexes 
 
 5 6 7 8 
Formula C28H36BN7OW C60H47B2F24N7OW C29H38BN7OW.C5H12 C60H49B2F24N7OW 
Mol wt 681.3 1543.52 695.32 1545.53 
Cryst syst Triclinic Monoclinic Monoclinic Triclinic 
Space group P-1 P21/c C2/c P-1 
a, Å 10.7451(2) 19.667(13) 33.2561(10) 12.8943(5) 
b, Å 11.0542(3) 17.035(8) 9.6152(3) 14.2369(5) 
c, Å 14.3088(3) 20.361(11) 21.8716(7) 18.0871(7) 
α, deg 76.325(1) 90 90 95.674(2) 
β, deg 80.460(1) 112.86(6) 98.476(1) 100.798(2) 
γ, deg 61.414(1) 90 90 101.400(2) 
V, Å3 1447.33(6) 6285(6) 6917.4(4) 3165.2(2) 
Z 2 4 8 2 
calcd density, 
g/mL 
1.563 1.631 1.335 1.622 
F(000) 680 3056 2784 1532 
temp, K 100  173  100 100 
2θ range, deg 2.13 – 28.00  1.12 – 25.27  1.24 – 28.00 1.65 – 28.00 
µ, mm-1 4.024 1.956 3.369 1.942 
total no. of  20790 50273 66201 64931 
total no. of 
unique rflns 
6988 11179 8357 15230 
Rmerge 0.0262 0.1070 0.0496 0.0341 
RF, % 0.0208 0.0836 0.0285 0.0424 
RW, % 0.0449 0.1354 0.0695 0.1091 
GoF 1.059 1.243 1.128 1.040 
residual 
density, e/ Å-3 





















Mol wt 1571.57 
Cryst syst Monoclinic 
Space group P21/n 
a, Å 13.7598(3) 
b, Å 12.7076(3) 
c, Å 36.9184(8) 
α, deg 90 
β, deg 96.562(1) 
γ, deg 90 






temp, K 100(2)  
2θ range, deg 1.53 – 26.00  
µ, mm-1 1.919 
total no. of  rflns 114353 




RF, % 0.0282 
























Table 4.4.  Selected Bond Distances (Å) and Angles (deg) of 2-Methylaziridine (4), 
Azetidine Amido (5, 7), 1-Azetine (6), Azetidine Amine (8), and 2,3,4,5-tetrahydropyridine 
(9b) Complexes. 
  
  4 5 6 7 8 9b 
W-N 2.189(5) 1.965(2) 2.123(8) 1.969(3) 2.182(4) 2.186(2) 
N=C -- -- 1.283(12) -- -- 1.312(4) 
1.405(11) 1.488(3) 1.489(5) 1.488(7) 1.482(4) N-C 
1.475(11) 1.489(3)
1.501(11)
1.492(5) 1.500(6)   









































W(1)-C(1)  1.946(4) C(58)-F(561)  1.384(15) 
W(1)-C(5)  2.020(4) F(54)-F(541)  1.12(5) 
W(1)-C(4)  2.058(4) F(54)-F(561)  1.26(3) 
W(1)-N(21)  2.167(3) F(55)-F(541)  1.19(6) 
W(1)-N(12)  2.205(3) F(55)-F(551)  1.40(4) 
W(1)-N(41)  2.219(3) F(56)-F(551)  0.94(3) 
W(1)-N(31)  2.242(3) F(56)-F(561)  1.33(2) 
C(1)-O(2)  1.168(5) C(61)-C(66)  1.395(5) 
C(3)-C(4)  1.490(6) C(61)-C(62)  1.399(5) 
C(4)-C(5)  1.319(5) C(62)-C(63)  1.392(5) 
C(5)-C(6)  1.452(5) C(63)-C(64)  1.383(5) 
C(6)-C(11)  1.392(6) C(63)-C(67)  1.482(5) 
C(6)-C(7)  1.395(6) C(64)-C(65)  1.384(5) 
C(7)-C(8)  1.382(6) C(65)-C(66)  1.389(5) 
C(8)-C(9)  1.375(7) C(65)-C(68)  1.504(6) 
C(9)-C(10)  1.377(7) C(67)-F(63)  1.294(5) 
C(10)-C(11)  1.392(6) C(67)-F(62)  1.311(5) 
N(12)-C(13)  1.473(5) C(67)-F(61)  1.345(5) 
C(13)-C(14)  1.512(6) C(68)-F(641)  1.252(10) 
C(14)-N(15)  1.450(5) C(68)-F(66)  1.256(7) 
N(15)-C(17)  1.467(6) C(68)-F(651)  1.273(11) 
N(15)-C(16)  1.477(6) C(68)-F(64)  1.300(7) 
C(16)-C(17)  1.471(7) C(68)-F(65)  1.311(7) 
B(20)-N(22)  1.525(6) C(68)-F(661)  1.352(10) 
B(20)-N(32)  1.537(6) F(64)-F(641)  1.07(3) 
B(20)-N(42)  1.550(5) F(64)-F(661)  1.34(2) 
N(21)-C(25)  1.354(5) F(65)-F(641)  1.19(3) 
N(21)-N(22)  1.374(4) F(65)-F(651)  1.30(3) 
N(22)-C(23)  1.352(5) F(66)-F(651)  1.05(3) 
C(23)-C(24)  1.374(6) F(66)-F(661)  1.183(19) 
C(23)-C(26)  1.491(6) C(71)-C(72)  1.393(5) 
C(24)-C(25)  1.387(6) C(71)-C(76)  1.401(5) 
C(25)-C(27)  1.483(6) C(72)-C(73)  1.406(5) 
N(31)-C(35)  1.340(5) C(73)-C(74)  1.372(5) 
N(31)-N(32)  1.374(4) C(73)-C(77)  1.479(6) 
N(32)-C(33)  1.354(5) C(74)-C(75)  1.375(5) 
C(33)-C(34)  1.364(6) C(75)-C(76)  1.390(5) 
C(33)-C(36)  1.506(6) C(75)-C(78)  1.504(5) 
C(34)-C(35)  1.386(5) C(77)-F(73)  1.336(5) 
C(35)-C(37)  1.483(6) C(77)-F(71)  1.340(5) 
N(41)-C(45)  1.355(5) C(77)-F(72)  1.350(5) 
N(41)-N(42)  1.387(4) C(78)-F(74)  1.322(5) 
N(42)-C(43)  1.346(5) C(78)-F(76)  1.335(5) 
 143
C(43)-C(44)  1.372(6) C(78)-F(75)  1.351(5) 
C(43)-C(46)  1.497(5) C(81)-C(86)  1.391(5) 
C(44)-C(45)  1.383(6) C(81)-C(82)  1.405(5) 
C(45)-C(47)  1.487(6) C(82)-C(83)  1.393(5) 
B(50)-C(51)  1.632(5) C(83)-C(84)  1.374(6) 
B(50)-C(71)  1.636(5) C(83)-C(87)  1.502(6) 
B(50)-C(81)  1.638(6) C(84)-C(85)  1.388(6) 
B(50)-C(61)  1.643(6) C(85)-C(86)  1.394(5) 
C(51)-C(52)  1.394(5) C(85)-C(88)  1.491(6) 
C(51)-C(56)  1.401(5) C(87)-F(81)  1.312(5) 
C(52)-C(53)  1.398(5) C(87)-F(82)  1.314(5) 
C(53)-C(54)  1.375(5) C(87)-F(83)  1.340(5) 
C(53)-C(57)  1.490(6) C(88)-F(851)  1.145(12) 
C(54)-C(55)  1.382(5) C(88)-F(86)  1.257(8) 
C(55)-C(56)  1.392(5) C(88)-F(84)  1.335(9) 
C(55)-C(58)  1.498(6) C(88)-F(85)  1.341(9) 
C(57)-F(52)  1.315(5) C(88)-F(841)  1.370(14) 
C(57)-F(53)  1.335(5) C(88)-F(861)  1.382(14) 
C(57)-F(51)  1.345(5) F(84)-F(851)  1.10(4) 
C(58)-F(551)  1.26(2) F(84)-F(841)  1.45(2) 
C(58)-F(541)  1.260(16) F(85)-F(851)  1.02(5) 
C(58)-F(56)  1.296(7) F(85)-F(861)  1.64(2) 
C(58)-F(54)  1.302(7) F(86)-F(861)  0.948(15) 
C(58)-F(55)  1.338(7) F(86)-F(841)  1.195(16) 
 
 
C(1)-W(1)-C(5) 107.56(16) F(56)-F(551)-F(55) 125(2) 
C(1)-W(1)-C(4) 70.77(16) C(58)-F(551)-F(55) 60.2(17) 
C(5)-W(1)-C(4) 37.73(15) F(54)-F(561)-F(56) 109.5(12) 
C(1)-W(1)-N(21) 96.55(15) F(54)-F(561)-C(58) 58.8(9) 
C(5)-W(1)-N(21) 87.77(13) F(56)-F(561)-C(58) 57.1(7) 
C(4)-W(1)-N(21) 99.92(14) C(66)-C(61)-C(62) 115.9(3) 
C(1)-W(1)-N(12) 89.19(15) C(66)-C(61)-B(50) 121.2(3) 
C(5)-W(1)-N(12) 104.24(13) C(62)-C(61)-B(50) 122.5(3) 
C(4)-W(1)-N(12) 95.54(14) C(63)-C(62)-C(61) 121.7(4) 
N(21)-W(1)-N(12) 164.52(11) C(64)-C(63)-C(62) 121.0(4) 
C(1)-W(1)-N(41) 89.11(14) C(64)-C(63)-C(67) 119.7(4) 
C(5)-W(1)-N(41) 160.62(13) C(62)-C(63)-C(67) 119.2(4) 
C(4)-W(1)-N(41) 159.83(13) C(63)-C(64)-C(65) 118.3(4) 
N(21)-W(1)-N(41) 80.38(11) C(64)-C(65)-C(66) 120.4(4) 
N(12)-W(1)-N(41) 85.36(11) C(64)-C(65)-C(68) 120.0(4) 
C(1)-W(1)-N(31) 167.76(14) C(66)-C(65)-C(68) 119.6(3) 
C(5)-W(1)-N(31) 83.88(13) C(65)-C(66)-C(61) 122.6(3) 
C(4)-W(1)-N(31) 119.70(14) F(63)-C(67)-F(62) 107.3(4) 
N(21)-W(1)-N(31) 88.06(11) F(63)-C(67)-F(61) 105.5(4) 
N(12)-W(1)-N(31) 83.63(11) F(62)-C(67)-F(61) 101.9(4) 
N(41)-W(1)-N(31) 80.46(11) F(63)-C(67)-C(63) 114.9(4) 
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O(2)-C(1)-W(1) 175.5(4) F(62)-C(67)-C(63) 114.4(3) 
C(5)-C(4)-C(3) 140.5(4) F(61)-C(67)-C(63) 111.7(4) 
C(5)-C(4)-W(1) 69.6(2) F(641)-C(68)-F(66) 127.3(6) 
C(3)-C(4)-W(1) 150.0(3) F(641)-C(68)-F(651) 107.4(13) 
C(4)-C(5)-C(6) 138.2(4) F(66)-C(68)-F(651) 49.2(14) 
C(4)-C(5)-W(1) 72.7(2) F(641)-C(68)-F(64) 49.6(13) 
C(6)-C(5)-W(1) 147.1(3) F(66)-C(68)-F(64) 109.2(6) 
C(11)-C(6)-C(7) 118.9(4) F(651)-C(68)-F(64) 135.4(7) 
C(11)-C(6)-C(5) 120.1(4) F(641)-C(68)-F(65) 55.3(13) 
C(7)-C(6)-C(5) 120.8(4) F(66)-C(68)-F(65) 105.9(7) 
C(8)-C(7)-C(6) 120.4(4) F(651)-C(68)-F(65) 60.4(15) 
C(9)-C(8)-C(7) 120.4(4) F(64)-C(68)-F(65) 104.0(6) 
C(8)-C(9)-C(10) 119.9(4) F(641)-C(68)-F(661) 104.1(12) 
C(9)-C(10)-C(11) 120.3(4) F(66)-C(68)-F(661) 53.8(9) 
C(10)-C(11)-C(6) 120.0(4) F(651)-C(68)-F(661) 100.9(13) 
C(13)-N(12)-W(1) 120.8(2) F(64)-C(68)-F(661) 60.8(11) 
N(12)-C(13)-C(14) 111.8(4) F(65)-C(68)-F(661) 137.4(6) 
N(15)-C(14)-C(13) 107.1(3) F(641)-C(68)-C(65) 118.0(5) 
C(14)-N(15)-C(17) 116.1(4) F(66)-C(68)-C(65) 114.7(5) 
C(14)-N(15)-C(16) 114.9(4) F(651)-C(68)-C(65) 113.6(7) 
C(17)-N(15)-C(16) 60.0(3) F(64)-C(68)-C(65) 111.0(4) 
C(17)-C(16)-N(15) 59.7(3) F(65)-C(68)-C(65) 111.4(4) 
N(15)-C(17)-C(16) 60.3(3) F(661)-C(68)-C(65) 111.1(6) 
N(22)-B(20)-N(32) 108.2(3) F(641)-F(64)-C(68) 62.9(9) 
N(22)-B(20)-N(42) 109.0(3) F(641)-F(64)-F(661) 116.2(11) 
N(32)-B(20)-N(42) 109.5(3) C(68)-F(64)-F(661) 61.5(7) 
C(25)-N(21)-N(22) 106.5(3) F(641)-F(65)-F(651) 109.5(11) 
C(25)-N(21)-W(1) 132.1(3) F(641)-F(65)-C(68) 59.9(8) 
N(22)-N(21)-W(1) 120.0(2) F(651)-F(65)-C(68) 58.3(9) 
C(23)-N(22)-N(21) 110.1(3) F(651)-F(66)-F(661) 129.7(14) 
C(23)-N(22)-B(20) 130.1(3) F(651)-F(66)-C(68) 66.2(11) 
N(21)-N(22)-B(20) 119.8(3) F(661)-F(66)-C(68) 67.2(7) 
N(22)-C(23)-C(24) 107.3(4) F(64)-F(641)-F(65) 130.9(11) 
N(22)-C(23)-C(26) 122.7(4) F(64)-F(641)-C(68) 67.5(9) 
C(24)-C(23)-C(26) 130.0(4) F(65)-F(641)-C(68) 64.8(9) 
C(23)-C(24)-C(25) 107.2(4) F(66)-F(651)-C(68) 64.6(9) 
N(21)-C(25)-C(24) 109.0(4) F(66)-F(651)-F(65) 120.7(12) 
N(21)-C(25)-C(27) 123.4(4) C(68)-F(651)-F(65) 61.3(10) 
C(24)-C(25)-C(27) 127.6(4) F(66)-F(661)-F(64) 111.1(8) 
C(35)-N(31)-N(32) 106.9(3) F(66)-F(661)-C(68) 58.9(6) 
C(35)-N(31)-W(1) 132.3(3) F(64)-F(661)-C(68) 57.7(7) 
N(32)-N(31)-W(1) 119.3(2) C(72)-C(71)-C(76) 115.2(3) 
C(33)-N(32)-N(31) 109.4(3) C(72)-C(71)-B(50) 121.6(3) 
C(33)-N(32)-B(20) 131.6(3) C(76)-C(71)-B(50) 123.1(3) 
N(31)-N(32)-B(20) 119.0(3) C(71)-C(72)-C(73) 122.4(4) 
N(32)-C(33)-C(34) 107.5(3) C(74)-C(73)-C(72) 120.7(4) 
N(32)-C(33)-C(36) 122.6(4) C(74)-C(73)-C(77) 121.7(4) 
C(34)-C(33)-C(36) 129.8(4) C(72)-C(73)-C(77) 117.6(4) 
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C(33)-C(34)-C(35) 107.2(4) C(73)-C(74)-C(75) 118.2(4) 
N(31)-C(35)-C(34) 109.0(4) C(74)-C(75)-C(76) 121.1(4) 
N(31)-C(35)-C(37) 124.4(3) C(74)-C(75)-C(78) 119.4(3) 
C(34)-C(35)-C(37) 126.6(4) C(76)-C(75)-C(78) 119.4(4) 
C(45)-N(41)-N(42) 106.4(3) C(75)-C(76)-C(71) 122.4(4) 
C(45)-N(41)-W(1) 135.3(3) F(73)-C(77)-F(71) 104.8(4) 
N(42)-N(41)-W(1) 117.9(2) F(73)-C(77)-F(72) 106.1(3) 
C(43)-N(42)-N(41) 109.3(3) F(71)-C(77)-F(72) 105.7(4) 
C(43)-N(42)-B(20) 129.2(3) F(73)-C(77)-C(73) 113.1(4) 
N(41)-N(42)-B(20) 121.3(3) F(71)-C(77)-C(73) 113.2(3) 
N(42)-C(43)-C(44) 108.1(3) F(72)-C(77)-C(73) 113.2(4) 
N(42)-C(43)-C(46) 123.9(4) F(74)-C(78)-F(76) 107.1(4) 
C(44)-C(43)-C(46) 128.0(4) F(74)-C(78)-F(75) 106.0(4) 
C(43)-C(44)-C(45) 107.0(4) F(76)-C(78)-F(75) 105.5(3) 
N(41)-C(45)-C(44) 109.2(3) F(74)-C(78)-C(75) 113.6(3) 
N(41)-C(45)-C(47) 124.8(3) F(76)-C(78)-C(75) 112.7(4) 
C(44)-C(45)-C(47) 126.0(4) F(75)-C(78)-C(75) 111.4(3) 
C(51)-B(50)-C(71) 113.6(3) C(86)-C(81)-C(82) 115.6(3) 
C(51)-B(50)-C(81) 102.8(3) C(86)-C(81)-B(50) 123.0(3) 
C(71)-B(50)-C(81) 111.7(3) C(82)-C(81)-B(50) 120.9(3) 
C(51)-B(50)-C(61) 112.8(3) C(83)-C(82)-C(81) 121.9(4) 
C(71)-B(50)-C(61) 104.2(3) C(84)-C(83)-C(82) 121.0(4) 
C(81)-B(50)-C(61) 112.0(3) C(84)-C(83)-C(87) 118.9(4) 
C(52)-C(51)-C(56) 115.3(3) C(82)-C(83)-C(87) 120.1(4) 
C(52)-C(51)-B(50) 124.1(3) C(83)-C(84)-C(85) 118.8(4) 
C(56)-C(51)-B(50) 120.2(3) C(84)-C(85)-C(86) 119.8(4) 
C(51)-C(52)-C(53) 122.1(3) C(84)-C(85)-C(88) 120.2(4) 
C(54)-C(53)-C(52) 121.0(4) C(86)-C(85)-C(88) 120.0(4) 
C(54)-C(53)-C(57) 120.4(4) C(81)-C(86)-C(85) 123.0(4) 
C(52)-C(53)-C(57) 118.5(4) F(81)-C(87)-F(82) 106.4(4) 
C(53)-C(54)-C(55) 118.4(4) F(81)-C(87)-F(83) 106.1(4) 
C(54)-C(55)-C(56) 120.3(3) F(82)-C(87)-F(83) 105.7(4) 
C(54)-C(55)-C(58) 119.2(4) F(81)-C(87)-C(83) 114.0(4) 
C(56)-C(55)-C(58) 120.5(4) F(82)-C(87)-C(83) 112.6(4) 
C(55)-C(56)-C(51) 122.8(3) F(83)-C(87)-C(83) 111.5(4) 
F(52)-C(57)-F(53) 106.1(4) F(851)-C(88)-F(86) 122.5(8) 
F(52)-C(57)-F(51) 104.2(4) F(851)-C(88)-F(84) 52(2) 
F(53)-C(57)-F(51) 105.8(4) F(86)-C(88)-F(84) 108.2(8) 
F(52)-C(57)-C(53) 113.6(4) F(851)-C(88)-F(85) 48(2) 
F(53)-C(57)-C(53) 113.7(4) F(86)-C(88)-F(85) 107.0(8) 
F(51)-C(57)-C(53) 112.7(4) F(84)-C(88)-F(85) 99.4(7) 
F(551)-C(58)-F(541) 110(2) F(851)-C(88)-F(841) 110.8(18) 
F(551)-C(58)-F(56) 43.1(17) F(86)-C(88)-F(841) 53.9(8) 
F(541)-C(58)-F(56) 128.5(10) F(84)-C(88)-F(841) 64.6(10) 
F(551)-C(58)-F(54) 133.7(9) F(85)-C(88)-F(841) 142.4(7) 
F(541)-C(58)-F(54) 52(3) F(851)-C(88)-F(861) 113.5(19) 
F(56)-C(58)-F(54) 109.0(6) F(86)-C(88)-F(861) 41.8(7) 
F(551)-C(58)-F(55) 65(2) F(84)-C(88)-F(861) 139.2(8) 
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F(541)-C(58)-F(55) 54(3) F(85)-C(88)-F(861) 74.2(11) 
F(56)-C(58)-F(55) 104.7(6) F(841)-C(88)-F(861) 95.6(11) 
F(54)-C(58)-F(55) 104.7(5) F(851)-C(88)-C(85) 120.0(7) 
F(551)-C(58)-F(561) 100.6(15) F(86)-C(88)-C(85) 117.3(5) 
F(541)-C(58)-F(561) 103(2) F(84)-C(88)-C(85) 112.7(5) 
F(56)-C(58)-F(561) 59.3(11) F(85)-C(88)-C(85) 110.6(6) 
F(54)-C(58)-F(561) 55.9(12) F(841)-C(88)-C(85) 107.0(7) 
F(55)-C(58)-F(561) 138.6(7) F(861)-C(88)-C(85) 107.0(7) 
F(551)-C(58)-C(55) 114.1(10) F(851)-F(84)-C(88) 55.0(10) 
F(541)-C(58)-C(55) 116.4(9) F(851)-F(84)-F(841) 108.1(13) 
F(56)-C(58)-C(55) 115.1(4) C(88)-F(84)-F(841) 58.9(7) 
F(54)-C(58)-C(55) 111.6(4) F(851)-F(85)-C(88) 56.0(10) 
F(55)-C(58)-C(55) 111.0(4) F(851)-F(85)-F(861) 102.8(12) 
F(561)-C(58)-C(55) 110.2(7) C(88)-F(85)-F(861) 54.0(7) 
F(541)-F(54)-F(561) 121(2) F(861)-F(86)-F(841) 143.9(16) 
F(541)-F(54)-C(58) 62.1(15) F(861)-F(86)-C(88) 76.1(12) 
F(561)-F(54)-C(58) 65.3(8) F(841)-F(86)-C(88) 67.9(8) 
F(541)-F(55)-C(58) 59.6(15) F(86)-F(841)-C(88) 58.2(7) 
F(541)-F(55)-F(551) 106.2(14) F(86)-F(841)-F(84) 104.9(12) 
C(58)-F(55)-F(551) 54.7(9) C(88)-F(841)-F(84) 56.5(8) 
F(551)-F(56)-C(58) 66.3(18) F(85)-F(851)-F(84) 148.2(17) 
F(551)-F(56)-F(561) 127(2) F(85)-F(851)-C(88) 76(2) 
C(58)-F(56)-F(561) 63.6(9) F(84)-F(851)-C(88) 72.8(17) 
F(54)-F(541)-F(55) 129.9(17) F(86)-F(861)-C(88) 62.1(9) 
F(54)-F(541)-C(58) 66.0(16) F(86)-F(861)-F(85) 104.3(14) 
F(55)-F(541)-C(58) 66.2(18) C(88)-F(861)-F(85) 51.8(8) 






















Table 4.6  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 2. 
 
                                             x                      y                       z                    U(eq)      
W(1) 4420(1) 2814(1) 1358(1) 20(1) 
C(1) 3679(3) 3758(3) 1905(3) 31(1) 
O(2) 3178(2) 4295(2) 2243(2) 45(1) 
C(3) 1681(3) 3312(3) 1377(3) 43(1) 
C(4) 2801(3) 2944(3) 1169(2) 31(1) 
C(5) 3336(3) 2441(2) 668(2) 22(1) 
C(6) 3134(3) 2076(2) -65(2) 28(1) 
C(7) 2137(3) 1864(2) -197(3) 34(1) 
C(8) 1921(4) 1596(3) -932(3) 45(1) 
C(9) 2683(4) 1537(3) -1543(3) 45(1) 
C(10) 3676(4) 1733(3) -1419(3) 40(1) 
C(11) 3909(3) 2002(2) -681(2) 29(1) 
N(12) 4442(2) 1951(2) 2537(2) 26(1) 
C(13) 3437(4) 1806(3) 2959(3) 39(1) 
C(14) 3611(3) 1482(3) 3867(3) 36(1) 
N(15) 4144(3) 2092(2) 4206(2) 35(1) 
C(16) 3427(5) 2756(4) 4597(3) 60(2) 
C(17) 4116(5) 2049(4) 5106(3) 61(2) 
B(20) 6717(4) 2743(3) 365(3) 29(1) 
N(21) 4859(3) 3603(2) 256(2) 25(1) 
N(22) 5835(3) 3383(2) -111(2) 26(1) 
C(23) 5850(4) 3831(3) -874(2) 34(1) 
C(24) 4876(4) 4363(3) -995(3) 36(1) 
C(25) 4276(3) 4218(2) -285(2) 29(1) 
C(26) 6783(4) 3702(3) -1443(3) 49(1) 
C(27) 3159(3) 4619(3) -125(3) 41(1) 
N(31) 5530(2) 1696(2) 944(2) 23(1) 
N(32) 6397(2) 1845(2) 460(2) 25(1) 
C(33) 6804(3) 1127(3) 124(2) 31(1) 
C(34) 6219(3) 506(3) 418(2) 31(1) 
C(35) 5431(3) 873(2) 924(2) 25(1) 
C(36) 7705(4) 1102(3) -495(3) 43(1) 
C(37) 4601(3) 443(3) 1380(2) 32(1) 
N(41) 5964(2) 3082(2) 1770(2) 23(1) 
N(42) 6823(2) 3010(2) 1229(2) 24(1) 
C(43) 7655(3) 3268(2) 1556(2) 26(1) 
C(44) 7345(3) 3507(3) 2311(3) 31(1) 
C(45) 6294(3) 3393(2) 2430(2) 26(1) 
C(46) 8709(3) 3296(3) 1130(3) 35(1) 
C(47) 5627(3) 3567(3) 3168(2) 37(1) 
B(50) 9893(3) 7764(3) 3603(3) 21(1) 
C(51) 11194(3) 7640(2) 3530(2) 21(1) 
C(52) 11766(3) 8320(2) 3395(2) 23(1) 
C(53) 12884(3) 8185(2) 3402(2) 27(1) 
C(54) 13470(3) 7369(3) 3573(2) 28(1) 
C(55) 12927(3) 6682(2) 3733(2) 25(1) 
C(56) 11815(3) 6818(2) 3701(2) 23(1) 
C(57) 13431(3) 8948(3) 3240(3) 38(1) 
C(58) 13547(4) 5795(3) 3978(3) 40(1) 
F(51) 13015(2) 9513(2) 2593(2) 70(1) 
F(52) 13355(3) 9407(2) 3854(2) 87(1) 
F(53) 14474(2) 8749(2) 3079(2) 56(1) 
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F(54)     14035(10) 5734(5) 4678(4) 86(5) 
F(55)  14330(7) 5605(3) 3437(4) 62(2) 
F(56) 12996(4) 5177(3) 4012(9) 80(5) 
F(541) 14533(16) 5743(14) 4100(40) 150(30) 
F(551) 13390(40) 5255(14) 3522(15) 100(17) 
F(561) 13180(20) 5433(12) 4725(13) 66(9) 
C(61) 9382(3) 7108(2) 3099(2) 20(1) 
C(62) 9865(3) 6804(2) 2394(2) 23(1) 
C(63) 9365(3) 6325(2) 1923(2) 26(1) 
C(64) 8374(3) 6115(2) 2145(2) 26(1) 
C(65) 7886(3) 6400(2) 2845(2) 24(1) 
C(66) 8376(3) 6897(2) 3301(2) 23(1) 
C(67) 9913(3) 6027(3) 1179(3) 35(1) 
C(68) 6819(3) 6170(3) 3118(3) 34(1) 
F(61) 10198(3) 6684(2) 662(2) 92(1) 
F(62) 10834(2) 5515(2) 1327(2) 58(1) 
F(63) 9352(3) 5651(3) 742(2) 128(2) 
F(64) 6116(5) 6858(4) 3175(9) 66(4) 
F(65) 6866(6) 5746(9) 3866(5) 70(4) 
F(66) 6453(8) 5707(10) 2674(7) 78(5) 
F(641) 6388(15) 6460(20) 3739(14) 122(13) 
F(651) 6811(14) 5363(7) 3220(30) 150(15) 
F(661) 6080(10) 6450(20) 2518(10) 107(9) 
C(71) 9285(3) 8724(2) 3219(2) 21(1) 
C(72) 9628(3) 9157(2) 2488(2) 24(1) 
C(73) 9091(3) 9968(2) 2132(2) 26(1) 
C(74) 8172(3) 10355(2) 2480(2) 27(1) 
C(75) 7802(3) 9935(2) 3193(2) 25(1) 
C(76) 8345(3) 9141(2) 3556(2) 24(1) 
C(77) 9565(4) 10389(3) 1382(3) 37(1) 
C(78) 6794(3) 10342(3) 3588(3) 34(1) 
F(71) 10585(2) 10470(2) 1482(2) 51(1) 
F(72) 9041(2) 11192(2) 1124(2) 50(1) 
F(73) 9585(3) 9952(2) 740(2) 59(1) 
F(74) 6768(2) 10133(2) 4397(2) 59(1) 
F(75) 5922(2) 10103(2) 3296(2) 50(1) 
F(76) 6625(2) 11202(2) 3435(2) 51(1) 
C(81) 9698(3) 7569(2) 4599(2) 20(1) 
C(82) 9721(3) 8208(2) 5107(2) 24(1) 
C(83) 9695(3) 8027(3) 5963(2) 27(1) 
C(84) 9657(3) 7208(3) 6348(2) 29(1) 
C(85) 9638(3) 6559(3) 5866(2) 28(1) 
C(86) 9650(3) 6749(2) 5009(2) 25(1) 
C(87) 9703(4) 8732(3) 6483(3) 38(1) 
C(88) 9637(4) 5656(3) 6262(3) 46(1) 
F(81) 10155(2) 9370(2) 6125(2) 56(1) 
F(82) 8737(3) 9076(2) 6700(3) 99(1) 
F(83) 10234(3) 8436(2) 7190(2) 73(1) 
F(84) 9006(9) 5251(6) 5874(7) 90(5) 
F(85) 10583(6) 5160(6) 6151(7) 79(4) 
F(86) 9429(15) 5542(4) 7020(5) 96(5) 
F(841) 8646(12) 5631(10) 6606(17) 102(8) 
F(851) 9890(40) 5095(8) 5890(11) 155(16) 
F(861) 10173(19) 5553(11) 7002(12) 96(8) 
 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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W(1)-C(1)  1.951(6) C(73)-C(74)  1.372(7) 
W(1)-C(8)  2.015(5) C(73)-C(77)  1.495(8) 
W(1)-C(7)  2.064(5) C(74)-C(75)  1.385(7) 
W(1)-N(41)  2.156(4) C(75)-C(76)  1.377(6) 
W(1)-N(3)  2.189(5) C(75)-C(78)  1.482(7) 
W(1)-N(51)  2.233(4) C(77)-F(72)  1.232(9) 
W(1)-N(31)  2.234(4) C(77)-F(73)  1.288(8) 
C(1)-O(2)  1.169(7) C(77)-F(71)  1.314(10) 
N(3)-C(5)  1.405(11) C(78)-F(76)  1.266(7) 
N(3)-C(4)  1.475(11) C(78)-F(74)  1.295(7) 
C(4)-C(5)  1.368(13) C(78)-F(75)  1.321(7) 
C(5)-C(6)  1.593(17) C(81)-C(82)  1.396(6) 
C(7)-C(8)  1.309(6) C(81)-C(86)  1.398(6) 
C(7)-C(9)  1.470(6) C(82)-C(83)  1.387(6) 
C(8)-C(15)  1.466(6) C(83)-C(84)  1.371(7) 
C(9)-C(14)  1.384(7) C(83)-C(87)  1.503(7) 
C(9)-C(10)  1.386(7) C(84)-C(85)  1.382(6) 
C(10)-C(11)  1.376(7) C(85)-C(86)  1.386(6) 
C(11)-C(12)  1.366(10) C(85)-C(88)  1.488(7) 
C(12)-C(13)  1.355(9) C(87)-F(83)  1.220(15) 
C(13)-C(14)  1.405(8) C(87)-F(811)  1.240(15) 
C(15)-C(16)  1.385(7) C(87)-F(82)  1.311(15) 
C(15)-C(20)  1.389(7) C(87)-F(821)  1.317(19) 
C(16)-C(17)  1.364(8) C(87)-F(81)  1.331(15) 
C(17)-C(18)  1.342(11) C(87)-F(831)  1.335(17) 
C(18)-C(19)  1.397(11) C(88)-F(861)  1.276(17) 
C(19)-C(20)  1.400(9) C(88)-F(85)  1.282(19) 
B(30)-N(42)  1.530(7) C(88)-F(841)  1.29(2) 
B(30)-N(32)  1.534(7) C(88)-F(86)  1.307(18) 
B(30)-N(52)  1.536(8) C(88)-F(84)  1.32(2) 
N(31)-C(35)  1.350(6) C(88)-F(851)  1.319(19) 
N(31)-N(32)  1.378(5) F(81)-F(811)  1.24(3) 
N(32)-C(33)  1.343(7) F(81)-F(831)  1.28(2) 
C(33)-C(34)  1.360(8) F(82)-F(811)  1.08(3) 
C(33)-C(36)  1.508(8) F(82)-F(821)  1.43(3) 
C(34)-C(35)  1.370(7) F(83)-F(821)  0.97(3) 
C(35)-C(37)  1.497(7) F(83)-F(831)  1.15(4) 
N(41)-C(45)  1.334(6) F(85)-F(841)  0.50(5) 
N(41)-N(42)  1.378(5) F(85)-F(851)  1.71(3) 
N(42)-C(43)  1.338(7) C(91)-C(92)  1.396(6) 
C(43)-C(44)  1.370(8) C(91)-C(96)  1.408(6) 
C(43)-C(46)  1.510(8) C(92)-C(93)  1.395(7) 
C(44)-C(45)  1.345(8) C(93)-C(94)  1.380(7) 
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C(45)-C(47)  1.506(8) C(93)-C(97)  1.485(7) 
N(51)-C(55)  1.353(7) C(94)-C(95)  1.381(6) 
N(51)-N(52)  1.368(6) C(95)-C(96)  1.384(6) 
N(52)-C(53)  1.352(7) C(95)-C(98)  1.495(7) 
C(53)-C(54)  1.354(10) C(97)-F(921)  1.248(14) 
C(53)-C(56)  1.501(10) C(97)-F(91)  1.26(2) 
C(54)-C(55)  1.364(10) C(97)-F(92)  1.259(18) 
C(55)-C(57)  1.485(10) C(97)-F(931)  1.36(3) 
B(60)-C(61)  1.635(7) C(97)-F(93)  1.369(17) 
B(60)-C(71)  1.638(6) C(97)-F(911)  1.38(3) 
B(60)-C(91)  1.644(7) C(98)-F(95)  1.234(14) 
B(60)-C(81)  1.649(6) C(98)-F(961)  1.246(15) 
C(61)-C(66)  1.389(7) C(98)-F(951)  1.271(14) 
C(61)-C(62)  1.396(7) C(98)-F(941)  1.275(14) 
C(62)-C(63)  1.412(8) C(98)-F(94)  1.303(15) 
C(63)-C(64)  1.397(10) C(98)-F(96)  1.350(13) 
C(63)-C(67)  1.477(13) F(91)-F(931)  0.66(3) 
C(64)-C(65)  1.339(10) F(91)-F(911)  1.56(3) 
C(65)-C(66)  1.379(8) F(92)-F(911)  0.76(4) 
C(65)-C(68)  1.468(10) F(92)-F(921)  1.42(3) 
C(67)-F(62)  1.216(12) F(93)-F(921)  1.04(2) 
C(67)-F(61)  1.242(12) F(93)-F(931)  1.76(3) 
C(67)-F(63)  1.352(13) F(94)-F(951)  1.06(2) 
C(68)-F(66)  1.262(10) F(94)-F(941)  1.27(2) 
C(68)-F(64)  1.263(12) F(95)-F(961)  0.85(3) 
C(68)-F(65)  1.289(13) F(95)-F(951)  1.38(3) 
C(71)-C(72)  1.387(6) F(96)-F(941)  1.00(2) 
C(71)-C(76)  1.402(6) F(96)-F(961)  1.47(3) 
C(72)-C(73)  1.384(6)   
 
 
C(1)-W(1)-C(8) 109.1(2) C(86)-C(85)-C(88) 118.6(4) 
C(1)-W(1)-C(7) 73.2(2) C(85)-C(86)-C(81) 123.2(4) 
C(8)-W(1)-C(7) 37.40(17) F(83)-C(87)-F(811) 130.9(11) 
C(1)-W(1)-N(41) 92.2(2) F(83)-C(87)-F(82) 105.0(17) 
C(8)-W(1)-N(41) 89.63(16) F(811)-C(87)-F(82) 50.1(15) 
C(7)-W(1)-N(41) 101.09(17) F(83)-C(87)-F(821) 44.6(16) 
C(1)-W(1)-N(3) 95.7(2) F(811)-C(87)-F(821) 111.5(15) 
C(8)-W(1)-N(3) 102.89(19) F(82)-C(87)-F(821) 66.0(13) 
C(7)-W(1)-N(3) 96.6(2) F(83)-C(87)-F(81) 107.2(17) 
N(41)-W(1)-N(3) 162.10(17) F(811)-C(87)-F(81) 57.5(15) 
C(1)-W(1)-N(51) 84.7(2) F(82)-C(87)-F(81) 105.0(12) 
C(8)-W(1)-N(51) 163.23(17) F(821)-C(87)-F(81) 136.9(11) 
C(7)-W(1)-N(51) 157.85(18) F(83)-C(87)-F(831) 53.5(17) 
N(41)-W(1)-N(51) 80.11(15) F(811)-C(87)-F(831) 108.9(15) 
N(3)-W(1)-N(51) 84.61(18) F(82)-C(87)-F(831) 133.4(10) 
C(1)-W(1)-N(31) 167.44(18) F(821)-C(87)-F(831) 96.7(13) 
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C(8)-W(1)-N(31) 83.37(16) F(81)-C(87)-F(831) 57.6(9) 
C(7)-W(1)-N(31) 119.37(16) F(83)-C(87)-C(83) 114.4(9) 
N(41)-W(1)-N(31) 86.24(14) F(811)-C(87)-C(83) 114.5(9) 
N(3)-W(1)-N(31) 82.62(17) F(82)-C(87)-C(83) 114.0(8) 
N(51)-W(1)-N(31) 82.76(15) F(821)-C(87)-C(83) 111.3(11) 
O(2)-C(1)-W(1) 176.8(5) F(81)-C(87)-C(83) 110.7(8) 
C(5)-N(3)-C(4) 56.7(6) F(831)-C(87)-C(83) 112.6(8) 
C(5)-N(3)-W(1) 137.8(6) F(861)-C(88)-F(85) 118.8(15) 
C(4)-N(3)-W(1) 131.7(6) F(861)-C(88)-F(841) 108.6(16) 
C(5)-C(4)-N(3) 59.1(7) F(85)-C(88)-F(841) 22(2) 
C(4)-C(5)-N(3) 64.2(6) F(861)-C(88)-F(86) 88.7(17) 
C(4)-C(5)-C(6) 109.1(12) F(85)-C(88)-F(86) 103.5(16) 
N(3)-C(5)-C(6) 117.8(12) F(841)-C(88)-F(86) 124.8(17) 
C(8)-C(7)-C(9) 139.1(5) F(861)-C(88)-F(84) 21(2) 
C(8)-C(7)-W(1) 69.3(3) F(85)-C(88)-F(84) 103.7(16) 
C(9)-C(7)-W(1) 151.5(4) F(841)-C(88)-F(84) 89.5(18) 
C(7)-C(8)-C(15) 139.8(4) F(86)-C(88)-F(84) 107.0(16) 
C(7)-C(8)-W(1) 73.3(3) F(861)-C(88)-F(851) 103.2(15) 
C(15)-C(8)-W(1) 146.6(3) F(85)-C(88)-F(851) 82.3(17) 
C(14)-C(9)-C(10) 119.5(5) F(841)-C(88)-F(851) 104.3(17) 
C(14)-C(9)-C(7) 122.1(5) F(86)-C(88)-F(851) 21.7(18) 
C(10)-C(9)-C(7) 118.4(5) F(84)-C(88)-F(851) 117.4(16) 
C(11)-C(10)-C(9) 120.4(6) F(861)-C(88)-C(85) 114.2(12) 
C(12)-C(11)-C(10) 119.8(7) F(85)-C(88)-C(85) 117.1(10) 
C(13)-C(12)-C(11) 121.1(6) F(841)-C(88)-C(85) 109.9(12) 
C(12)-C(13)-C(14) 120.1(6) F(86)-C(88)-C(85) 109.1(11) 
C(9)-C(14)-C(13) 119.1(6) F(84)-C(88)-C(85) 115.3(13) 
C(16)-C(15)-C(20) 119.3(5) F(851)-C(88)-C(85) 116.0(9) 
C(16)-C(15)-C(8) 120.0(4) F(811)-F(81)-F(831) 112(2) 
C(20)-C(15)-C(8) 120.7(5) F(811)-F(81)-C(87) 57.5(12) 
C(17)-C(16)-C(15) 120.8(6) F(831)-F(81)-C(87) 61.3(11) 
C(18)-C(17)-C(16) 120.8(7) F(811)-F(82)-C(87) 61.5(12) 
C(17)-C(18)-C(19) 120.5(7) F(811)-F(82)-F(821) 113.8(19) 
C(18)-C(19)-C(20) 119.2(6) C(87)-F(82)-F(821) 57.2(9) 
C(15)-C(20)-C(19) 119.2(6) F(821)-F(83)-F(831) 138(3) 
N(42)-B(30)-N(32) 110.0(4) F(821)-F(83)-C(87) 73.0(16) 
N(42)-B(30)-N(52) 109.0(5) F(831)-F(83)-C(87) 68.4(14) 
N(32)-B(30)-N(52) 108.7(5) F(82)-F(811)-F(81) 129(2) 
C(35)-N(31)-N(32) 105.6(4) F(82)-F(811)-C(87) 68.4(16) 
C(35)-N(31)-W(1) 134.6(3) F(81)-F(811)-C(87) 64.9(11) 
N(32)-N(31)-W(1) 119.6(3) F(83)-F(821)-C(87) 62.4(17) 
C(33)-N(32)-N(31) 109.7(4) F(83)-F(821)-F(82) 112(3) 
C(33)-N(32)-B(30) 131.2(4) C(87)-F(821)-F(82) 56.8(11) 
N(31)-N(32)-B(30) 119.0(4) F(83)-F(831)-F(81) 115(2) 
N(32)-C(33)-C(34) 107.9(5) F(83)-F(831)-C(87) 58.2(11) 
N(32)-C(33)-C(36) 122.6(6) F(81)-F(831)-C(87) 61.0(12) 
C(34)-C(33)-C(36) 129.5(6) F(841)-F(85)-C(88) 80(4) 
C(33)-C(34)-C(35) 107.0(5) F(841)-F(85)-F(851) 129(5) 
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N(31)-C(35)-C(34) 109.8(5) C(88)-F(85)-F(851) 49.8(11) 
N(31)-C(35)-C(37) 124.4(5) F(85)-F(841)-C(88) 78(4) 
C(34)-C(35)-C(37) 125.8(5) C(88)-F(851)-F(85) 47.9(11) 
C(45)-N(41)-N(42) 105.7(4) C(92)-C(91)-C(96) 114.4(4) 
C(45)-N(41)-W(1) 133.9(3) C(92)-C(91)-B(60) 122.2(4) 
N(42)-N(41)-W(1) 120.3(3) C(96)-C(91)-B(60) 123.4(4) 
C(43)-N(42)-N(41) 109.0(4) C(93)-C(92)-C(91) 123.2(4) 
C(43)-N(42)-B(30) 130.6(5) C(94)-C(93)-C(92) 120.0(4) 
N(41)-N(42)-B(30) 120.3(4) C(94)-C(93)-C(97) 119.5(5) 
N(42)-C(43)-C(44) 107.9(5) C(92)-C(93)-C(97) 120.5(5) 
N(42)-C(43)-C(46) 122.9(6) C(93)-C(94)-C(95) 118.9(4) 
C(44)-C(43)-C(46) 129.2(6) C(94)-C(95)-C(96) 120.2(4) 
C(45)-C(44)-C(43) 106.4(5) C(94)-C(95)-C(98) 119.4(4) 
N(41)-C(45)-C(44) 111.0(5) C(96)-C(95)-C(98) 120.4(4) 
N(41)-C(45)-C(47) 122.6(5) C(95)-C(96)-C(91) 123.2(4) 
C(44)-C(45)-C(47) 126.5(5) F(921)-C(97)-F(91) 127.0(13) 
C(55)-N(51)-N(52) 106.0(5) F(921)-C(97)-F(92) 68.9(13) 
C(55)-N(51)-W(1) 135.5(5) F(91)-C(97)-F(92) 99.6(15) 
N(52)-N(51)-W(1) 118.5(3) F(921)-C(97)-F(931) 120.4(17) 
C(53)-N(52)-N(51) 110.0(6) F(91)-C(97)-F(931) 28.8(15) 
C(53)-N(52)-B(30) 129.0(6) F(92)-C(97)-F(931) 125.8(15) 
N(51)-N(52)-B(30) 120.6(4) F(921)-C(97)-F(93) 46.8(12) 
N(52)-C(53)-C(54) 106.7(7) F(91)-C(97)-F(93) 102.0(15) 
N(52)-C(53)-C(56) 123.0(8) F(92)-C(97)-F(93) 111.9(15) 
C(54)-C(53)-C(56) 130.3(7) F(931)-C(97)-F(93) 80.6(14) 
C(53)-C(54)-C(55) 108.4(6) F(921)-C(97)-F(911) 100.2(15) 
N(51)-C(55)-C(54) 108.8(7) F(91)-C(97)-F(911) 72.3(14) 
N(51)-C(55)-C(57) 124.5(6) F(92)-C(97)-F(911) 32.9(16) 
C(54)-C(55)-C(57) 126.5(7) F(931)-C(97)-F(911) 101.0(15) 
C(61)-B(60)-C(71) 110.8(4) F(93)-C(97)-F(911) 135.1(11) 
C(61)-B(60)-C(91) 111.7(4) F(921)-C(97)-C(93) 115.6(8) 
C(71)-B(60)-C(91) 107.7(3) F(91)-C(97)-C(93) 116.3(10) 
C(61)-B(60)-C(81) 107.9(4) F(92)-C(97)-C(93) 113.3(10) 
C(71)-B(60)-C(81) 109.4(4) F(931)-C(97)-C(93) 108.4(11) 
C(91)-B(60)-C(81) 109.3(3) F(93)-C(97)-C(93) 112.5(9) 
C(66)-C(61)-C(62) 115.7(5) F(911)-C(97)-C(93) 109.4(12) 
C(66)-C(61)-B(60) 124.3(5) F(95)-C(98)-F(961) 40.0(15) 
C(62)-C(61)-B(60) 119.7(5) F(95)-C(98)-F(951) 66.8(14) 
C(61)-C(62)-C(63) 121.5(6) F(961)-C(98)-F(951) 103.2(15) 
C(64)-C(63)-C(62) 118.9(6) F(95)-C(98)-F(941) 133.7(11) 
C(64)-C(63)-C(67) 125.1(8) F(961)-C(98)-F(941) 109.2(13) 
C(62)-C(63)-C(67) 116.0(8) F(951)-C(98)-F(941) 105.5(12) 
C(65)-C(64)-C(63) 120.2(6) F(95)-C(98)-F(94) 109.6(16) 
C(64)-C(65)-C(66) 120.2(7) F(961)-C(98)-F(94) 130.2(12) 
C(64)-C(65)-C(68) 118.4(7) F(951)-C(98)-F(94) 48.8(10) 
C(66)-C(65)-C(68) 121.4(8) F(941)-C(98)-F(94) 59.1(11) 
C(65)-C(66)-C(61) 123.3(6) F(95)-C(98)-F(96) 106.0(14) 
F(62)-C(67)-F(61) 109.9(16) F(961)-C(98)-F(96) 69.0(12) 
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F(62)-C(67)-F(63) 102.6(9) F(951)-C(98)-F(96) 133.7(9) 
F(61)-C(67)-F(63) 98.3(9) F(941)-C(98)-F(96) 44.8(10) 
F(62)-C(67)-C(63) 117.6(9) F(94)-C(98)-F(96) 100.1(12) 
F(61)-C(67)-C(63) 116.6(9) F(95)-C(98)-C(95) 113.4(9) 
F(63)-C(67)-C(63) 109.1(12) F(961)-C(98)-C(95) 115.3(8) 
F(66)-C(68)-F(64) 107.1(13) F(951)-C(98)-C(95) 111.2(9) 
F(66)-C(68)-F(65) 105.9(9) F(941)-C(98)-C(95) 111.8(9) 
F(64)-C(68)-F(65) 99.8(8) F(94)-C(98)-C(95) 113.5(10) 
F(66)-C(68)-C(65) 115.9(7) F(96)-C(98)-C(95) 113.2(7) 
F(64)-C(68)-C(65) 113.8(8) F(931)-F(91)-C(97) 84(4) 
F(65)-C(68)-C(65) 112.9(12) F(931)-F(91)-F(911) 141(4) 
C(72)-C(71)-C(76) 115.2(4) C(97)-F(91)-F(911) 57.4(12) 
C(72)-C(71)-B(60) 122.8(4) F(911)-F(92)-C(97) 82(3) 
C(76)-C(71)-B(60) 121.6(4) F(911)-F(92)-F(921) 133(4) 
C(73)-C(72)-C(71) 122.1(4) C(97)-F(92)-F(921) 55.1(11) 
C(74)-C(73)-C(72) 121.2(5) F(921)-F(93)-C(97) 60.5(12) 
C(74)-C(73)-C(77) 119.5(5) F(921)-F(93)-F(931) 104.4(19) 
C(72)-C(73)-C(77) 119.3(5) C(97)-F(93)-F(931) 49.5(10) 
C(73)-C(74)-C(75) 118.5(4) F(92)-F(911)-C(97) 65(3) 
C(76)-C(75)-C(74) 119.6(4) F(92)-F(911)-F(91) 107(4) 
C(76)-C(75)-C(78) 120.4(5) C(97)-F(911)-F(91) 50.3(13) 
C(74)-C(75)-C(78) 119.9(5) F(93)-F(921)-C(97) 72.7(16) 
C(75)-C(76)-C(71) 123.2(4) F(93)-F(921)-F(92) 124(2) 
F(72)-C(77)-F(73) 106.7(9) C(97)-F(921)-F(92) 55.9(10) 
F(72)-C(77)-F(71) 106.8(9) F(91)-F(931)-C(97) 67(3) 
F(73)-C(77)-F(71) 101.1(6) F(91)-F(931)-F(93) 106(4) 
F(72)-C(77)-C(73) 114.5(6) C(97)-F(931)-F(93) 50.0(12) 
F(73)-C(77)-C(73) 115.9(6) F(951)-F(94)-F(941) 120(2) 
F(71)-C(77)-C(73) 110.6(8) F(951)-F(94)-C(98) 64.0(13) 
F(76)-C(78)-F(74) 109.3(6) F(941)-F(94)-C(98) 59.3(10) 
F(76)-C(78)-F(75) 103.1(6) F(961)-F(95)-C(98) 70.7(16) 
F(74)-C(78)-F(75) 101.9(5) F(961)-F(95)-F(951) 123(2) 
F(76)-C(78)-C(75) 114.0(5) C(98)-F(95)-F(951) 57.9(10) 
F(74)-C(78)-C(75) 114.3(5) F(941)-F(96)-C(98) 63.6(11) 
F(75)-C(78)-C(75) 112.9(5) F(941)-F(96)-F(961) 110.8(17) 
C(82)-C(81)-C(86) 114.6(4) C(98)-F(96)-F(961) 52.2(8) 
C(82)-C(81)-B(60) 124.1(4) F(96)-F(941)-F(94) 126(2) 
C(86)-C(81)-B(60) 121.1(4) F(96)-F(941)-C(98) 71.5(15) 
C(83)-C(82)-C(81) 122.6(4) F(94)-F(941)-C(98) 61.6(10) 
C(84)-C(83)-C(82) 121.1(4) F(94)-F(951)-C(98) 67.2(13) 
C(84)-C(83)-C(87) 118.4(5) F(94)-F(951)-F(95) 116(2) 
C(82)-C(83)-C(87) 120.4(5) C(98)-F(951)-F(95) 55.4(10) 
C(83)-C(84)-C(85) 118.2(4) F(95)-F(961)-C(98) 69.3(17) 
C(84)-C(85)-C(86) 120.2(4) F(95)-F(961)-F(96) 123(3) 




Table 4.8  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 3. 
 
                                             x                      y                       z                    U(eq)      
W(1) 2147(1) 4647(1) 2136(1) 64(1) 
C(1) 470(6) 4635(4) 2367(3) 88(2) 
O(2) -564(4) 4619(3) 2474(3) 121(2) 
N(3) 3292(5) 5416(3) 3175(2) 95(1) 
C(4) 3536(12) 6346(7) 3560(5) 181(4) 
C(5) 3072(13) 5802(8) 3827(5) 202(6) 
C(6) 4165(17) 5810(11) 4471(6) 321(10) 
C(7) 1271(5) 5627(3) 1932(2) 66(1) 
C(8) 2222(4) 5444(3) 1630(2) 60(1) 
C(9) 256(5) 6196(3) 1978(3) 75(1) 
C(10) -249(6) 6418(4) 1420(3) 91(2) 
C(11) -1210(7) 6941(4) 1438(4) 112(2) 
C(12) -1632(7) 7272(5) 2020(5) 118(2) 
C(13) -1131(7) 7085(4) 2580(4) 107(2) 
C(14) -185(6) 6526(4) 2564(3) 94(2) 
C(15) 2810(4) 5678(3) 1154(3) 66(1) 
C(16) 3044(5) 5047(4) 592(3) 83(2) 
C(17) 3549(7) 5254(6) 130(4) 109(2) 
C(18) 3898(7) 6072(7) 229(5) 123(3) 
C(19) 3718(6) 6730(5) 799(5) 113(2) 
C(20) 3130(5) 6529(4) 1256(3) 86(2) 
B(30) 3322(6) 2861(4) 1474(4) 82(2) 
N(31) 4123(4) 4431(2) 1960(2) 67(1) 
N(32) 4371(4) 3612(2) 1639(2) 75(1) 
C(33) 5597(5) 3632(4) 1567(4) 97(2) 
C(34) 6142(5) 4463(4) 1822(4) 98(2) 
C(35) 5227(5) 4944(3) 2067(3) 76(1) 
C(36) 6170(7) 2836(5) 1241(5) 152(3) 
C(37) 5410(5) 5896(3) 2409(3) 98(2) 
N(41) 1392(4) 3600(2) 1172(2) 66(1) 
N(42) 2086(4) 2924(2) 977(2) 70(1) 
C(43) 1452(6) 2382(4) 350(3) 84(2) 
C(44) 358(6) 2715(4) 134(3) 89(2) 
C(45) 348(5) 3447(3) 649(3) 75(1) 
C(46) 1917(8) 1552(4) -8(4) 131(3) 
C(47) -669(6) 4043(4) 657(4) 115(2) 
N(51) 2391(4) 3551(3) 2485(2) 80(1) 
N(52) 2989(4) 2897(3) 2140(2) 84(1) 
C(53) 3086(8) 2309(4) 2437(4) 113(2) 
C(54) 2512(8) 2582(6) 2962(5) 129(3) 
C(55) 2106(6) 3348(5) 2998(3) 98(2) 
C(56) 3713(10) 1518(5) 2184(5) 172(4) 
C(57) 1385(8) 3860(6) 3482(4) 142(3) 
B(60) 8387(5) 795(3) 3196(2) 58(1) 
C(61) 8931(5) 1784(3) 3705(2) 70(1) 
C(62) 8240(6) 2439(3) 3619(3) 84(2) 
C(63) 8576(8) 3284(4) 4099(4) 102(2) 
C(64) 9640(8) 3467(4) 4666(3) 109(2) 
C(65) 10345(8) 2852(4) 4740(3) 105(2) 
C(66) 9996(6) 2027(3) 4272(2) 84(2) 
C(67) 7777(14) 3918(6) 3941(8) 175(5) 
C(68) 11488(12) 3082(6) 5328(4) 160(4) 
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F(61) 6575(8) 3704(4) 3748(6) 272(5) 
F(62) 8122(12) 4274(7) 3592(6) 341(7) 
F(63) 7824(9) 4575(4) 4530(4) 249(4) 
F(64) 12401(8) 3569(6) 5305(4) 263(5) 
F(65) 11250(10) 3553(6) 5894(3) 295(5) 
F(66) 11986(8) 2466(4) 5443(4) 278(5) 
C(71) 7812(4) 732(3) 2407(2) 58(1) 
C(72) 6697(5) 188(3) 1971(2) 63(1) 
C(73) 6323(5) 54(3) 1281(2) 73(1) 
C(74) 7043(5) 459(3) 996(3) 76(1) 
C(75) 8146(5) 1022(3) 1416(3) 68(1) 
C(76) 8497(4) 1158(3) 2104(2) 61(1) 
C(77) 5132(8) -560(6) 836(4) 120(3) 
C(78) 8977(6) 1440(5) 1119(3) 90(2) 
F(71) 4085(5) -172(5) 834(3) 239(4) 
F(72) 4922(9) -1167(6) 1009(4) 334(7) 
F(73) 5075(4) -876(3) 192(2) 128(1) 
F(74) 8374(5) 1497(4) 547(2) 166(2) 
F(75) 9413(5) 2248(3) 1508(3) 154(2) 
F(76) 10015(6) 1115(4) 1050(4) 200(3) 
C(81) 7209(4) 450(3) 3464(2) 56(1) 
C(82) 6438(5) 979(3) 3831(2) 63(1) 
C(83) 5408(5) 663(3) 4015(2) 66(1) 
C(84) 5092(4) -197(3) 3843(2) 68(1) 
C(85) 5830(4) -744(3) 3479(2) 59(1) 
C(86) 6855(4) -422(3) 3295(2) 57(1) 
C(87) 4604(8) 1260(4) 4407(4) 96(2) 
C(88) 5520(6) -1685(3) 3257(4) 80(2) 
F(81) 5366(15) 1935(12) 4903(17) 136(4) 
F(82) 3940(30) 924(12) 4720(17) 137(7) 
F(83) 3800(50) 1530(30) 4059(11) 190(13) 
F(811) 4820(50) 1360(30) 5020(10) 187(10) 
F(821) 3349(14) 1045(15) 4100(20) 193(16) 
F(831) 4710(30) 2026(9) 4360(20) 143(8) 
F(84) 4530(20) -1946(17) 3451(15) 151(11) 
F(85) 6438(17) -2088(13) 3442(16) 124(8) 
F(86) 5230(20) -2026(12) 2589(8) 142(9) 
F(841) 6310(30) -1959(14) 3662(15) 153(11) 
F(851) 5640(20) -2140(11) 2642(11) 138(10) 
F(861) 4350(17) -1938(15) 3233(15) 134(10) 
C(91) 9546(4) 179(3) 3198(2) 57(1) 
C(92) 9965(4) -117(3) 3728(2) 63(1) 
C(93) 10907(5) -668(3) 3728(2) 69(1) 
C(94) 11484(5) -938(3) 3189(3) 71(1) 
C(95) 11129(4) -643(3) 2661(2) 62(1) 
C(96) 10186(4) -100(3) 2669(2) 60(1) 
C(97) 11300(8) -968(6) 4305(4) 102(2) 
C(98) 11781(7) -907(4) 2086(3) 85(2) 
F(91) 10440(20) -1039(15) 4605(10) 120(6) 
F(92) 12160(30) -450(17) 4805(12) 172(11) 
F(93) 11640(20) -1774(10) 4100(9) 160(8) 
F(911) 11560(30) -280(20) 4915(11) 176(12) 
F(921) 12370(20) -1250(20) 4360(11) 168(9) 
F(931) 10230(30) -1402(19) 4345(12) 179(13) 
F(94) 11380(30) -1690(13) 1659(11) 175(10) 
F(95) 12985(12) -800(30) 2280(8) 215(15) 
F(96) 11480(20) -485(14) 1656(10) 120(6) 
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F(941) 10970(20) -1070(20) 1509(6) 162(8) 
F(951) 12270(30) -1594(14) 2039(13) 163(9) 
F(961) 12730(30) -401(11) 2146(11) 181(12) 
 
















































W(1)-C(1)  1.934(3) N(18)-C(19)  1.352(3) 
W(1)-N(3)  1.965(2) C(19)-C(20)  1.378(4) 
W(1)-C(9)  2.072(2) C(19)-C(22)  1.489(4) 
W(1)-C(8)  2.111(2) C(20)-C(21)  1.388(4) 
W(1)-N(24)  2.255(2) C(20)-H(20)  0.95 
W(1)-N(17)  2.256(2) C(21)-C(23)  1.490(4) 
W(1)-N(31)  2.267(2) C(22)-H(22A)  0.98 
C(1)-O(2)  1.177(3) C(22)-H(22B)  0.98 
N(3)-C(6)  1.488(3) C(22)-H(22C)  0.98 
N(3)-C(4)  1.489(3) C(23)-H(23A)  0.98 
C(4)-C(5)  1.535(4) C(23)-H(23B)  0.98 
C(4)-H(4A)  0.99 C(23)-H(23C)  0.98 
C(4)-H(4B)  0.99 N(24)-C(28)  1.346(3) 
C(5)-C(6)  1.526(4) N(24)-N(25)  1.380(3) 
C(5)-H(5A)  0.99 N(25)-C(26)  1.354(3) 
C(5)-H(5B)  0.99 C(26)-C(27)  1.382(4) 
C(6)-H(6A)  0.99 C(26)-C(29)  1.498(4) 
C(6)-H(6B)  0.99 C(27)-C(28)  1.389(4) 
C(7)-C(8)  1.494(3) C(27)-H(27)  0.95 
C(7)-H(7A)  0.98 C(28)-C(30)  1.495(4) 
C(7)-H(7B)  0.98 C(29)-H(29A)  0.98 
C(7)-H(7C)  0.98 C(29)-H(29B)  0.98 
C(8)-C(9)  1.295(4) C(29)-H(29C)  0.98 
C(9)-C(10)  1.463(3) C(30)-H(30A)  0.98 
C(10)-C(15)  1.398(4) C(30)-H(30B)  0.98 
C(10)-C(11)  1.399(4) C(30)-H(30C)  0.98 
C(11)-C(12)  1.381(4) N(31)-C(35)  1.346(3) 
C(11)-H(11)  0.95 N(31)-N(32)  1.378(3) 
C(12)-C(13)  1.386(5) N(32)-C(33)  1.358(3) 
C(12)-H(12)  0.95 C(33)-C(34)  1.367(4) 
C(13)-C(14)  1.386(5) C(33)-C(36)  1.500(4) 
C(13)-H(13)  0.95 C(34)-C(35)  1.395(4) 
C(14)-C(15)  1.385(4) C(34)-H(34)  0.95 
C(14)-H(14)  0.95 C(35)-C(37)  1.492(4) 
C(15)-H(15)  0.95 C(36)-H(36A)  0.98 
B(16)-N(18)  1.535(4) C(36)-H(36B)  0.98 
B(16)-N(25)  1.539(4) C(36)-H(36C)  0.98 
B(16)-N(32)  1.540(4) C(37)-H(37A)  0.98 
B(16)-H(16)  1 C(37)-H(37B)  0.98 
N(17)-C(21)  1.348(3) C(37)-H(37C)  0.98 
N(17)-N(18)  1.379(3)   
 
 
C(1)-W(1)-N(3) 91.45(10) C(21)-N(17)-W(1) 133.35(19)
C(1)-W(1)-C(9) 104.84(10) N(18)-N(17)-W(1) 120.36(15)
N(3)-W(1)-C(9) 106.52(9) C(19)-N(18)-N(17) 109.9(2) 
 158
C(1)-W(1)-C(8) 69.14(10) C(19)-N(18)-B(16) 129.7(2) 
N(3)-W(1)-C(8) 102.10(10) N(17)-N(18)-B(16) 120.1(2) 
C(9)-W(1)-C(8) 36.05(10) N(18)-C(19)-C(20) 107.5(2) 
C(1)-W(1)-N(24) 95.62(10) N(18)-C(19)-C(22) 123.4(3) 
N(3)-W(1)-N(24) 164.65(8) C(20)-C(19)-C(22) 129.1(2) 
C(9)-W(1)-N(24) 84.83(9) C(19)-C(20)-C(21) 106.6(2) 
C(8)-W(1)-N(24) 93.16(9) C(19)-C(20)-H(20) 126.7 
C(1)-W(1)-N(17) 89.65(10) C(21)-C(20)-H(20) 126.7 
N(3)-W(1)-N(17) 89.31(8) N(17)-C(21)-C(20) 109.7(3) 
C(9)-W(1)-N(17) 157.95(9) N(17)-C(21)-C(23) 124.2(2) 
C(8)-W(1)-N(17) 155.91(9) C(20)-C(21)-C(23) 126.1(2) 
N(24)-W(1)-N(17) 77.15(8) C(19)-C(22)-H(22A) 109.5 
C(1)-W(1)-N(31) 171.22(9) C(19)-C(22)-H(22B) 109.5 
N(3)-W(1)-N(31) 86.48(8) H(22A)-C(22)-H(22B) 109.5 
C(9)-W(1)-N(31) 83.91(9) C(19)-C(22)-H(22C) 109.5 
C(8)-W(1)-N(31) 119.63(9) H(22A)-C(22)-H(22C) 109.5 
N(24)-W(1)-N(31) 84.46(8) H(22B)-C(22)-H(22C) 109.5 
N(17)-W(1)-N(31) 81.80(8) C(21)-C(23)-H(23A) 109.5 
O(2)-C(1)-W(1) 177.2(2) C(21)-C(23)-H(23B) 109.5 
C(6)-N(3)-C(4) 90.1(2) H(23A)-C(23)-H(23B) 109.5 
C(6)-N(3)-W(1) 135.53(18) C(21)-C(23)-H(23C) 109.5 
C(4)-N(3)-W(1) 132.87(17) H(23A)-C(23)-H(23C) 109.5 
N(3)-C(4)-C(5) 90.4(2) H(23B)-C(23)-H(23C) 109.5 
N(3)-C(4)-H(4A) 113.6 C(28)-N(24)-N(25) 106.4(2) 
C(5)-C(4)-H(4A) 113.6 C(28)-N(24)-W(1) 132.94(19)
N(3)-C(4)-H(4B) 113.6 N(25)-N(24)-W(1) 119.10(15)
C(5)-C(4)-H(4B) 113.6 C(26)-N(25)-N(24) 109.5(2) 
H(4A)-C(4)-H(4B) 110.8 C(26)-N(25)-B(16) 130.1(2) 
C(6)-C(5)-C(4) 87.0(2) N(24)-N(25)-B(16) 119.0(2) 
C(6)-C(5)-H(5A) 114.2 N(25)-C(26)-C(27) 107.9(3) 
C(4)-C(5)-H(5A) 114.2 N(25)-C(26)-C(29) 123.0(3) 
C(6)-C(5)-H(5B) 114.2 C(27)-C(26)-C(29) 129.1(3) 
C(4)-C(5)-H(5B) 114.2 C(26)-C(27)-C(28) 106.1(2) 
H(5A)-C(5)-H(5B) 111.3 C(26)-C(27)-H(27) 127 
N(3)-C(6)-C(5) 90.8(2) C(28)-C(27)-H(27) 127 
N(3)-C(6)-H(6A) 113.5 N(24)-C(28)-C(27) 110.0(2) 
C(5)-C(6)-H(6A) 113.5 N(24)-C(28)-C(30) 123.1(3) 
N(3)-C(6)-H(6B) 113.5 C(27)-C(28)-C(30) 126.9(2) 
C(5)-C(6)-H(6B) 113.5 C(26)-C(29)-H(29A) 109.5 
H(6A)-C(6)-H(6B) 110.8 C(26)-C(29)-H(29B) 109.5 
C(8)-C(7)-H(7A) 109.5 H(29A)-C(29)-H(29B) 109.5 
C(8)-C(7)-H(7B) 109.5 C(26)-C(29)-H(29C) 109.5 
H(7A)-C(7)-H(7B) 109.5 H(29A)-C(29)-H(29C) 109.5 
C(8)-C(7)-H(7C) 109.5 H(29B)-C(29)-H(29C) 109.5 
H(7A)-C(7)-H(7C) 109.5 C(28)-C(30)-H(30A) 109.5 
H(7B)-C(7)-H(7C) 109.5 C(28)-C(30)-H(30B) 109.5 
C(9)-C(8)-C(7) 140.9(3) H(30A)-C(30)-H(30B) 109.5 
C(9)-C(8)-W(1) 70.32(15) C(28)-C(30)-H(30C) 109.5 
C(7)-C(8)-W(1) 148.7(2) H(30A)-C(30)-H(30C) 109.5 
C(8)-C(9)-C(10) 139.9(2) H(30B)-C(30)-H(30C) 109.5 
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C(8)-C(9)-W(1) 73.63(16) C(35)-N(31)-N(32) 106.3(2) 
C(10)-C(9)-W(1) 146.42(19) C(35)-N(31)-W(1) 133.38(19)
C(15)-C(10)-C(11) 118.7(2) N(32)-N(31)-W(1) 119.85(15)
C(15)-C(10)-C(9) 119.7(2) C(33)-N(32)-N(31) 109.6(2) 
C(11)-C(10)-C(9) 121.5(2) C(33)-N(32)-B(16) 130.3(2) 
C(12)-C(11)-C(10) 119.9(3) N(31)-N(32)-B(16) 119.9(2) 
C(12)-C(11)-H(11) 120.1 N(32)-C(33)-C(34) 107.9(2) 
C(10)-C(11)-H(11) 120.1 N(32)-C(33)-C(36) 123.3(3) 
C(11)-C(12)-C(13) 120.9(3) C(34)-C(33)-C(36) 128.8(3) 
C(11)-C(12)-H(12) 119.6 C(33)-C(34)-C(35) 106.5(2) 
C(13)-C(12)-H(12) 119.6 C(33)-C(34)-H(34) 126.8 
C(14)-C(13)-C(12) 119.8(3) C(35)-C(34)-H(34) 126.8 
C(14)-C(13)-H(13) 120.1 N(31)-C(35)-C(34) 109.6(2) 
C(12)-C(13)-H(13) 120.1 N(31)-C(35)-C(37) 123.7(2) 
C(15)-C(14)-C(13) 119.6(3) C(34)-C(35)-C(37) 126.7(2) 
C(15)-C(14)-H(14) 120.2 C(33)-C(36)-H(36A) 109.5 
C(13)-C(14)-H(14) 120.2 C(33)-C(36)-H(36B) 109.5 
C(14)-C(15)-C(10) 121.0(3) H(36A)-C(36)-H(36B) 109.5 
C(14)-C(15)-H(15) 119.5 C(33)-C(36)-H(36C) 109.5 
C(10)-C(15)-H(15) 119.5 H(36A)-C(36)-H(36C) 109.5 
N(18)-B(16)-N(25) 108.2(2) H(36B)-C(36)-H(36C) 109.5 
N(18)-B(16)-N(32) 108.3(2) C(35)-C(37)-H(37A) 109.5 
N(25)-B(16)-N(32) 110.5(2) C(35)-C(37)-H(37B) 109.5 
N(18)-B(16)-H(16) 110 H(37A)-C(37)-H(37B) 109.5 
N(25)-B(16)-H(16) 110 C(35)-C(37)-H(37C) 109.5 
N(32)-B(16)-H(16) 110 H(37A)-C(37)-H(37C) 109.5 
























Table 4.10  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 5. 
 
                                             x                      y                       z                    U(eq)      
W(1) 7650(1) 8030(1) 7274(1) 19(1) 
C(1) 9267(3) 8408(3) 6976(2) 27(1) 
O(2) 10269(2) 8608(3) 6834(2) 42(1) 
N(3) 6361(2) 9966(2) 6716(2) 23(1) 
C(4) 6553(3) 11249(3) 6362(2) 30(1) 
C(5) 5280(4) 11892(4) 5736(3) 55(1) 
C(6) 4978(3) 10677(3) 6258(2) 34(1) 
C(7) 9099(3) 8734(4) 8952(2) 35(1) 
C(8) 8243(3) 8292(3) 8518(2) 24(1) 
C(9) 7288(3) 7859(3) 8756(2) 21(1) 
C(10) 6525(3) 7457(3) 9616(2) 23(1) 
C(11) 6296(3) 6286(3) 9729(2) 30(1) 
C(12) 5581(3) 5932(4) 10554(2) 37(1) 
C(13) 5048(3) 6747(4) 11265(2) 39(1) 
C(14) 5275(3) 7905(3) 11166(2) 36(1) 
C(15) 6038(3) 8235(3) 10357(2) 28(1) 
B(16) 7355(3) 5486(3) 6582(2) 24(1) 
N(17) 8001(2) 7433(2) 5814(2) 22(1) 
N(18) 7904(2) 6267(2) 5722(2) 23(1) 
C(19) 8226(3) 6074(3) 4796(2) 27(1) 
C(20) 8527(3) 7134(3) 4279(2) 29(1) 
C(21) 8378(3) 7958(3) 4927(2) 27(1) 
C(22) 8236(3) 4896(3) 4457(2) 34(1) 
C(23) 8612(4) 9223(3) 4700(2) 37(1) 
N(24) 8935(2) 5678(2) 7596(2) 22(1) 
N(25) 8416(2) 4859(2) 7375(2) 24(1) 
C(26) 9182(3) 3510(3) 7798(2) 29(1) 
C(27) 10207(3) 3449(3) 8304(2) 31(1) 
C(28) 10029(3) 4809(3) 8154(2) 26(1) 
C(29) 8912(3) 2345(3) 7682(2) 39(1) 
C(30) 10890(3) 5293(3) 8542(2) 34(1) 
N(31) 5778(2) 7580(2) 7379(2) 22(1) 
N(32) 5888(2) 6543(2) 6943(2) 23(1) 
C(33) 4594(3) 6594(3) 6977(2) 27(1) 
C(34) 3649(3) 7640(3) 7461(2) 29(1) 
C(35) 4414(3) 8229(3) 7710(2) 25(1) 
C(36) 4322(3) 5677(4) 6503(2) 37(1) 
C(37) 3862(3) 9362(3) 8291(2) 30(1) 
 















W(1)-C(5)  1.932(13) C(58)-F(56)  1.300(12) 
W(1)-C(9)  2.042(8) C(58)-F(54)  1.309(12) 
W(1)-C(8)  2.053(9) C(61)-C(66)  1.399(12) 
W(1)-N(1)  2.123(8) C(61)-C(62)  1.399(11) 
W(1)-N(21)  2.173(7) C(62)-C(63)  1.379(11) 
W(1)-N(41)  2.215(7) C(63)-C(64)  1.384(13) 
W(1)-N(31)  2.223(6) C(63)-C(67)  1.509(13) 
N(1)-C(2)  1.283(12) C(64)-C(65)  1.379(13) 
N(1)-C(4)  1.501(11) C(65)-C(66)  1.383(12) 
C(2)-C(3)  1.495(14) C(65)-C(68)  1.502(13) 
C(2)-C(4)  1.995(15) C(67)-F(61)  1.22(3) 
C(3)-C(4)  1.551(15) C(67)-F(63)  1.25(3) 
C(5)-O(6)  1.189(13) C(67)-F(621)  1.27(3) 
C(7)-C(8)  1.481(12) C(67)-F(611)  1.30(3) 
C(8)-C(9)  1.325(13) C(67)-F(631)  1.37(3) 
C(9)-C(10)  1.420(12) C(67)-F(62)  1.38(3) 
C(10)-C(11)  1.387(13) C(68)-F(651)  1.22(3) 
C(10)-C(15)  1.392(13) C(68)-F(661)  1.25(2) 
C(11)-C(12)  1.379(14) C(68)-F(641)  1.28(3) 
C(12)-C(13)  1.368(16) C(68)-F(66)  1.31(3) 
C(13)-C(14)  1.354(19) C(68)-F(65)  1.32(3) 
C(14)-C(15)  1.404(17) C(68)-F(64)  1.34(3) 
B(20)-N(42)  1.525(12) C(71)-C(76)  1.398(11) 
B(20)-N(32)  1.532(12) C(71)-C(72)  1.406(12) 
B(20)-N(22)  1.544(12) C(72)-C(73)  1.375(12) 
N(21)-C(25)  1.339(11) C(73)-C(74)  1.398(11) 
N(21)-N(22)  1.386(10) C(73)-C(77)  1.460(13) 
N(22)-C(23)  1.364(11) C(74)-C(75)  1.366(12) 
C(23)-C(24)  1.356(13) C(75)-C(76)  1.411(12) 
C(23)-C(26)  1.484(13) C(75)-C(78)  1.518(12) 
C(24)-C(25)  1.379(12) C(77)-F(72)  1.297(12) 
C(25)-C(27)  1.480(13) C(77)-F(73)  1.329(12) 
N(31)-C(35)  1.353(11) C(77)-F(71)  1.334(11) 
N(31)-N(32)  1.386(10) C(78)-F(76)  1.323(11) 
N(32)-C(33)  1.336(11) C(78)-F(74)  1.332(10) 
C(33)-C(34)  1.351(15) C(78)-F(75)  1.336(11) 
C(33)-C(36)  1.470(14) C(81)-C(82)  1.401(12) 
C(34)-C(35)  1.360(15) C(81)-C(86)  1.406(12) 
C(35)-C(37)  1.515(15) C(82)-C(83)  1.378(11) 
N(41)-C(45)  1.344(10) C(83)-C(84)  1.374(12) 
N(41)-N(42)  1.378(9) C(83)-C(87)  1.511(12) 
N(42)-C(43)  1.350(11) C(84)-C(85)  1.380(12) 
C(43)-C(44)  1.371(12) C(85)-C(86)  1.407(11) 
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C(43)-C(46)  1.502(12) C(85)-C(88)  1.494(13) 
C(44)-C(45)  1.382(12) C(87)-F(82)  1.316(11) 
C(45)-C(47)  1.510(12) C(87)-F(81)  1.317(11) 
B(50)-C(51)  1.625(12) C(87)-F(83)  1.331(10) 
B(50)-C(71)  1.635(13) C(88)-F(86)  1.307(13) 
B(50)-C(61)  1.647(13) C(88)-F(85)  1.317(13) 
B(50)-C(81)  1.649(12) C(88)-F(84)  1.331(11) 
C(51)-C(56)  1.386(12) F(61)-F(611)  0.70(4) 
C(51)-C(52)  1.416(11) F(61)-F(631)  1.54(4) 
C(52)-C(53)  1.376(12) F(62)-F(621)  0.85(4) 
C(53)-C(54)  1.389(12) F(62)-F(611)  1.65(5) 
C(53)-C(57)  1.483(12) F(63)-F(631)  1.04(4) 
C(54)-C(55)  1.387(12) F(63)-F(621)  1.35(4) 
C(55)-C(56)  1.393(12) F(64)-F(661)  0.76(4) 
C(55)-C(58)  1.484(13) F(64)-F(641)  1.45(4) 
C(57)-F(52)  1.317(12) F(65)-F(641)  0.95(4) 
C(57)-F(51)  1.334(11) F(65)-F(651)  1.45(6) 
C(57)-F(53)  1.372(11) F(66)-F(651)  0.76(8) 
C(58)-F(55)  1.289(11) F(66)-F(661)  1.65(4) 
 
 
C(5)-W(1)-C(9) 107.7(4) C(66)-C(65)-C(68) 120.4(9) 
C(5)-W(1)-C(8) 70.6(4) C(65)-C(66)-C(61) 123.1(8) 
C(9)-W(1)-C(8) 37.7(4) F(61)-C(67)-F(63) 114(3) 
C(5)-W(1)-N(1) 92.6(4) F(61)-C(67)-F(621) 127(2) 
C(9)-W(1)-N(1) 99.9(3) F(63)-C(67)-F(621) 64(2) 
C(8)-W(1)-N(1) 94.7(3) F(61)-C(67)-F(611) 32(2) 
C(5)-W(1)-N(21) 93.2(4) F(63)-C(67)-F(611) 131(2) 
C(9)-W(1)-N(21) 93.3(3) F(621)-C(67)-F(611) 106(2) 
C(8)-W(1)-N(21) 102.1(3) F(61)-C(67)-F(631) 73(2) 
N(1)-W(1)-N(21) 163.2(3) F(63)-C(67)-F(631) 46.5(18) 
C(5)-W(1)-N(41) 167.3(3) F(621)-C(67)-F(631) 106(2) 
C(9)-W(1)-N(41) 85.0(3) F(611)-C(67)-F(631) 102(2) 
C(8)-W(1)-N(41) 121.8(3) F(61)-C(67)-F(62) 105(2) 
N(1)-W(1)-N(41) 83.9(3) F(63)-C(67)-F(62) 100(2) 
N(21)-W(1)-N(41) 86.9(3) F(621)-C(67)-F(62) 37.0(18) 
C(5)-W(1)-N(31) 86.9(4) F(611)-C(67)-F(62) 76(2) 
C(9)-W(1)-N(31) 164.6(3) F(631)-C(67)-F(62) 133(2) 
C(8)-W(1)-N(31) 157.5(3) F(61)-C(67)-C(63) 115.4(19)
N(1)-W(1)-N(31) 83.8(3) F(63)-C(67)-C(63) 111.4(15)
N(21)-W(1)-N(31) 80.8(3) F(621)-C(67)-C(63) 112.8(19)
N(41)-W(1)-N(31) 80.5(3) F(611)-C(67)-C(63) 115.7(16)
C(2)-N(1)-C(4) 91.2(8) F(631)-C(67)-C(63) 112.9(14)
C(2)-N(1)-W(1) 135.1(7) F(62)-C(67)-C(63) 109.5(17)
C(4)-N(1)-W(1) 133.7(6) F(651)-C(68)-F(661) 109(3) 
N(1)-C(2)-C(3) 99.1(9) F(651)-C(68)-F(641) 108(3) 
N(1)-C(2)-C(4) 48.8(6) F(661)-C(68)-F(641) 101(2) 
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C(3)-C(2)-C(4) 50.3(6) F(651)-C(68)-F(66) 35(4) 
C(2)-C(3)-C(4) 81.8(8) F(661)-C(68)-F(66) 80(2) 
N(1)-C(4)-C(3) 87.9(7) F(641)-C(68)-F(66) 135(2) 
N(1)-C(4)-C(2) 40.0(5) F(651)-C(68)-F(65) 70(3) 
C(3)-C(4)-C(2) 47.9(6) F(661)-C(68)-F(65) 131.0(18)
O(6)-C(5)-W(1) 178.6(10) F(641)-C(68)-F(65) 43(2) 
C(9)-C(8)-C(7) 141.0(9) F(66)-C(68)-F(65) 103(2) 
C(9)-C(8)-W(1) 70.7(5) F(651)-C(68)-F(64) 123(2) 
C(7)-C(8)-W(1) 148.3(8) F(661)-C(68)-F(64) 33.8(17) 
C(8)-C(9)-C(10) 142.1(8) F(641)-C(68)-F(64) 67(2) 
C(8)-C(9)-W(1) 71.6(5) F(66)-C(68)-F(64) 107(2) 
C(10)-C(9)-W(1) 146.3(7) F(65)-C(68)-F(64) 104(2) 
C(11)-C(10)-C(15) 117.5(9) F(651)-C(68)-C(65) 117.4(19)
C(11)-C(10)-C(9) 122.5(8) F(661)-C(68)-C(65) 110.4(14)
C(15)-C(10)-C(9) 120.0(9) F(641)-C(68)-C(65) 110.2(14)
C(12)-C(11)-C(10) 120.9(10) F(66)-C(68)-C(65) 111.6(17)
C(13)-C(12)-C(11) 120.6(11) F(65)-C(68)-C(65) 113.0(13)
C(14)-C(13)-C(12) 120.4(12) F(64)-C(68)-C(65) 116.3(14)
C(13)-C(14)-C(15) 119.6(12) C(76)-C(71)-C(72) 115.6(8) 
C(10)-C(15)-C(14) 120.9(11) C(76)-C(71)-B(50) 123.8(8) 
N(42)-B(20)-N(32) 108.5(7) C(72)-C(71)-B(50) 120.2(7) 
N(42)-B(20)-N(22) 110.1(7) C(73)-C(72)-C(71) 123.0(8) 
N(32)-B(20)-N(22) 108.6(7) C(72)-C(73)-C(74) 120.4(8) 
C(25)-N(21)-N(22) 106.7(7) C(72)-C(73)-C(77) 119.1(8) 
C(25)-N(21)-W(1) 132.6(6) C(74)-C(73)-C(77) 120.5(9) 
N(22)-N(21)-W(1) 120.6(5) C(75)-C(74)-C(73) 118.4(8) 
C(23)-N(22)-N(21) 109.2(7) C(74)-C(75)-C(76) 121.1(8) 
C(23)-N(22)-B(20) 130.7(7) C(74)-C(75)-C(78) 118.5(8) 
N(21)-N(22)-B(20) 119.7(7) C(76)-C(75)-C(78) 120.4(8) 
C(24)-C(23)-N(22) 106.8(8) C(71)-C(76)-C(75) 121.6(9) 
C(24)-C(23)-C(26) 130.3(8) F(72)-C(77)-F(73) 104.8(10)
N(22)-C(23)-C(26) 122.8(8) F(72)-C(77)-F(71) 104.5(9) 
C(23)-C(24)-C(25) 108.4(8) F(73)-C(77)-F(71) 103.1(9) 
N(21)-C(25)-C(24) 108.9(8) F(72)-C(77)-C(73) 114.2(9) 
N(21)-C(25)-C(27) 122.3(8) F(73)-C(77)-C(73) 115.2(9) 
C(24)-C(25)-C(27) 128.7(9) F(71)-C(77)-C(73) 113.8(8) 
C(35)-N(31)-N(32) 105.8(7) F(76)-C(78)-F(74) 105.4(8) 
C(35)-N(31)-W(1) 134.8(7) F(76)-C(78)-F(75) 106.5(8) 
N(32)-N(31)-W(1) 119.4(5) F(74)-C(78)-F(75) 106.6(8) 
C(33)-N(32)-N(31) 109.3(8) F(76)-C(78)-C(75) 113.1(8) 
C(33)-N(32)-B(20) 130.5(8) F(74)-C(78)-C(75) 112.5(8) 
N(31)-N(32)-B(20) 119.9(6) F(75)-C(78)-C(75) 112.1(8) 
N(32)-C(33)-C(34) 107.8(9) C(82)-C(81)-C(86) 115.1(8) 
N(32)-C(33)-C(36) 123.1(10) C(82)-C(81)-B(50) 123.7(8) 
C(34)-C(33)-C(36) 128.7(10) C(86)-C(81)-B(50) 121.1(7) 
C(33)-C(34)-C(35) 108.2(9) C(83)-C(82)-C(81) 123.0(8) 
N(31)-C(35)-C(34) 108.9(9) C(84)-C(83)-C(82) 121.2(8) 
N(31)-C(35)-C(37) 123.5(9) C(84)-C(83)-C(87) 118.7(7) 
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C(34)-C(35)-C(37) 127.6(10) C(82)-C(83)-C(87) 120.1(8) 
C(45)-N(41)-N(42) 105.7(7) C(83)-C(84)-C(85) 118.0(7) 
C(45)-N(41)-W(1) 134.4(6) C(84)-C(85)-C(86) 121.0(8) 
N(42)-N(41)-W(1) 119.8(5) C(84)-C(85)-C(88) 120.8(8) 
C(43)-N(42)-N(41) 109.7(7) C(86)-C(85)-C(88) 118.1(8) 
C(43)-N(42)-B(20) 130.1(7) C(81)-C(86)-C(85) 121.5(8) 
N(41)-N(42)-B(20) 119.6(7) F(82)-C(87)-F(81) 105.9(8) 
N(42)-C(43)-C(44) 108.0(7) F(82)-C(87)-F(83) 105.7(8) 
N(42)-C(43)-C(46) 122.1(8) F(81)-C(87)-F(83) 106.3(8) 
C(44)-C(43)-C(46) 129.9(8) F(82)-C(87)-C(83) 111.8(8) 
C(43)-C(44)-C(45) 106.0(8) F(81)-C(87)-C(83) 113.6(7) 
N(41)-C(45)-C(44) 110.5(7) F(83)-C(87)-C(83) 112.9(8) 
N(41)-C(45)-C(47) 124.3(8) F(86)-C(88)-F(85) 105.2(9) 
C(44)-C(45)-C(47) 125.2(8) F(86)-C(88)-F(84) 106.7(10)
C(51)-B(50)-C(71) 113.9(7) F(85)-C(88)-F(84) 105.9(9) 
C(51)-B(50)-C(61) 112.2(7) F(86)-C(88)-C(85) 113.6(9) 
C(71)-B(50)-C(61) 103.5(6) F(85)-C(88)-C(85) 112.4(9) 
C(51)-B(50)-C(81) 104.3(6) F(84)-C(88)-C(85) 112.4(8) 
C(71)-B(50)-C(81) 112.2(7) F(611)-F(61)-C(67) 80(4) 
C(61)-B(50)-C(81) 111.1(7) F(611)-F(61)-F(631) 131(5) 
C(56)-C(51)-C(52) 115.1(8) C(67)-F(61)-F(631) 57.9(17) 
C(56)-C(51)-B(50) 123.2(8) F(621)-F(62)-C(67) 64(3) 
C(52)-C(51)-B(50) 121.3(8) F(621)-F(62)-F(611) 107(5) 
C(53)-C(52)-C(51) 123.0(8) C(67)-F(62)-F(611) 49.8(16) 
C(52)-C(53)-C(54) 119.9(8) F(631)-F(63)-C(67) 73(3) 
C(52)-C(53)-C(57) 122.2(8) F(631)-F(63)-F(621) 124(4) 
C(54)-C(53)-C(57) 117.8(8) C(67)-F(63)-F(621) 58.4(18) 
C(55)-C(54)-C(53) 119.0(8) F(661)-F(64)-C(68) 67(3) 
C(54)-C(55)-C(56) 119.9(9) F(661)-F(64)-F(641) 120(4) 
C(54)-C(55)-C(58) 119.4(8) C(68)-F(64)-F(641) 54.3(18) 
C(56)-C(55)-C(58) 120.7(8) F(641)-F(65)-C(68) 66(2) 
C(51)-C(56)-C(55) 123.1(8) F(641)-F(65)-F(651) 113(4) 
F(52)-C(57)-F(51) 107.3(9) C(68)-F(65)-F(651) 52(2) 
F(52)-C(57)-F(53) 105.6(8) F(651)-F(66)-C(68) 66(3) 
F(51)-C(57)-F(53) 105.3(8) F(651)-F(66)-F(661) 107(5) 
F(52)-C(57)-C(53) 113.9(8) C(68)-F(66)-F(661) 48.3(14) 
F(51)-C(57)-C(53) 113.5(8) F(65)-F(641)-C(68) 71(4) 
F(53)-C(57)-C(53) 110.6(8) F(65)-F(641)-F(64) 120(4) 
F(55)-C(58)-F(56) 106.0(10) C(68)-F(641)-F(64) 58.2(14) 
F(55)-C(58)-F(54) 104.7(9) F(66)-F(651)-C(68) 79(4) 
F(56)-C(58)-F(54) 102.9(9) F(66)-F(651)-F(65) 135(5) 
F(55)-C(58)-C(55) 114.9(8) C(68)-F(651)-F(65) 59(2) 
F(56)-C(58)-C(55) 114.0(9) F(64)-F(661)-C(68) 80(3) 
F(54)-C(58)-C(55) 113.2(9) F(64)-F(661)-F(66) 120(4) 
C(66)-C(61)-C(62) 115.6(8) C(68)-F(661)-F(66) 51.6(15) 
C(66)-C(61)-B(50) 122.9(7) F(63)-F(631)-C(67) 61(2) 
C(62)-C(61)-B(50) 121.4(7) F(63)-F(631)-F(61) 105(3) 
C(63)-C(62)-C(61) 121.7(8) C(67)-F(631)-F(61) 49.2(15) 
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C(62)-C(63)-C(64) 121.2(8) F(61)-F(611)-C(67) 68(4) 
C(62)-C(63)-C(67) 120.5(9) F(61)-F(611)-F(62) 119(5) 
C(64)-C(63)-C(67) 118.4(9) C(67)-F(611)-F(62) 54.5(15) 
C(65)-C(64)-C(63) 118.8(9) F(62)-F(621)-C(67) 79(4) 
C(64)-C(65)-C(66) 119.7(8) F(62)-F(621)-F(63) 133(6) 











































Table 4.12  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 6. 
 
                                             x                      y                       z                    U(eq)      
W(1) 3161(1) 1476(1) 4824(1) 24(1) 
N(1) 3282(4) 1063(5) 5848(4) 31(2) 
C(2) 2926(6) 585(6) 6084(5) 48(3) 
C(3) 3366(6) 677(7) 6865(6) 64(4) 
C(4) 3815(6) 1243(7) 6591(5) 52(3) 
C(5) 4134(7) 1118(6) 4942(6) 49(3) 
O(6) 4738(4) 913(5) 5019(5) 73(3) 
C(7) 4680(5) 2642(6) 5513(5) 44(3) 
C(8) 3901(5) 2380(5) 5208(5) 33(2) 
C(9) 3221(5) 2658(5) 5007(4) 25(2) 
C(10) 2821(5) 3365(5) 4955(5) 33(2) 
C(11) 2119(5) 3481(6) 4438(5) 41(2) 
C(12) 1742(7) 4171(7) 4409(6) 65(4) 
C(13) 2041(9) 4745(7) 4909(7) 83(5) 
C(14) 2726(10) 4656(7) 5422(8) 97(6) 
C(15) 3130(7) 3971(6) 5438(6) 65(4) 
B(20) 1649(6) 850(6) 3519(5) 27(2) 
N(21) 2807(4) 1617(4) 3679(4) 28(2) 
N(22) 2132(4) 1325(4) 3219(4) 26(2) 
C(23) 2060(5) 1449(6) 2533(5) 35(2) 
C(24) 2678(5) 1829(5) 2565(5) 34(2) 
C(25) 3137(5) 1921(5) 3272(5) 33(2) 
C(26) 1392(6) 1216(6) 1908(5) 45(3) 
C(27) 3861(6) 2319(6) 3580(5) 47(3) 
N(31) 2774(4) 260(4) 4484(4) 27(2) 
N(32) 2094(4) 144(4) 3931(4) 28(2) 
C(33) 1975(6) -625(6) 3815(5) 40(3) 
C(34) 2561(7) -1009(6) 4290(6) 54(3) 
C(35) 3053(6) -466(6) 4695(6) 44(3) 
C(36) 1278(7) -950(6) 3305(6) 61(4) 
C(37) 3786(6) -613(6) 5304(7) 65(4) 
N(41) 1985(4) 1605(4) 4661(4) 25(2) 
N(42) 1442(4) 1356(4) 4032(3) 26(2) 
C(43) 772(5) 1537(6) 4028(5) 30(2) 
C(44) 875(5) 1902(5) 4660(5) 32(2) 
C(45) 1630(5) 1925(5) 5041(4) 28(2) 
C(46) 70(5) 1341(7) 3409(5) 51(3) 
C(47) 2009(5) 2282(6) 5772(5) 42(3) 
B(50) 2656(5) 6559(6) 2883(5) 22(2) 
C(51) 3480(5) 6227(5) 3043(4) 25(2) 
C(52) 3766(5) 5570(5) 3492(4) 25(2) 
C(53) 4427(5) 5220(5) 3581(4) 26(2) 
C(54) 4848(5) 5516(5) 3226(5) 30(2) 
C(55) 4592(5) 6162(5) 2784(4) 27(2) 
C(56) 3918(4) 6501(5) 2699(4) 26(2) 
C(57) 4690(6) 4497(6) 4011(6) 41(3) 
C(58) 5049(5) 6497(7) 2419(5) 38(2) 
C(61) 2546(5) 7467(5) 2580(4) 24(2) 
C(62) 3111(5) 8024(5) 2848(4) 23(2) 
C(63) 3015(5) 8789(5) 2611(5) 30(2) 
C(64) 2353(5) 9041(6) 2098(5) 37(2) 
C(65) 1776(5) 8515(6) 1838(4) 31(2) 
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C(66) 1876(5) 7749(5) 2082(4) 28(2) 
C(67) 3638(6) 9374(7) 2903(7) 50(3) 
C(68) 1051(6) 8771(7) 1279(6) 46(3) 
C(71) 2458(5) 6616(4) 3590(4) 24(2) 
C(72) 1718(5) 6645(5) 3519(4) 26(2) 
C(73) 1515(4) 6788(5) 4083(4) 26(2) 
C(74) 2052(5) 6922(5) 4765(4) 28(2) 
C(75) 2777(5) 6896(5) 4856(4) 24(2) 
C(76) 2984(5) 6730(5) 4280(5) 26(2) 
C(77) 732(5) 6804(7) 3958(5) 41(3) 
C(78) 3361(5) 7057(6) 5593(5) 35(2) 
C(81) 2105(4) 5950(5) 2282(4) 24(2) 
C(82) 1881(4) 6057(5) 1545(4) 24(2) 
C(83) 1415(4) 5545(5) 1050(4) 24(2) 
C(84) 1188(5) 4858(5) 1256(5) 29(2) 
C(85) 1417(5) 4710(5) 1976(4) 27(2) 
C(86) 1859(4) 5251(5) 2485(4) 26(2) 
C(87) 1135(5) 5738(6) 265(5) 34(2) 
C(88) 1183(7) 3979(6) 2237(6) 45(3) 
F(51) 5364(3) 4566(3) 4521(3) 66(2) 
F(52) 4250(4) 4246(3) 4315(3) 60(2) 
F(53) 4739(3) 3889(3) 3589(3) 57(2) 
F(54) 5012(6) 6092(6) 1860(4) 124(4) 
F(55) 5744(3) 6544(5) 2808(4) 95(3) 
F(56) 4847(5) 7196(5) 2160(5) 117(4) 
F(61) 3610(20) 9800(20) 3374(17) 111(17) 
F(62) 3629(19) 9873(17) 2364(19) 81(10) 
F(63) 4252(13) 9050(16) 3050(20) 107(13) 
F(64) 548(12) 8207(15) 1000(20) 102(15) 
F(65) 705(15) 9297(15) 1516(14) 75(9) 
F(66) 1140(19) 9130(20) 750(13) 95(14) 
F(71) 309(3) 7140(5) 3342(3) 75(2) 
F(72) 442(4) 6116(5) 3937(6) 112(3) 
F(73) 565(4) 7203(6) 4436(4) 96(3) 
F(74) 3503(4) 6430(4) 6016(3) 73(2) 
F(75) 3161(4) 7631(4) 5928(3) 72(2) 
F(76) 4004(3) 7266(4) 5581(3) 50(2) 
F(81) 1507(4) 6305(4) 114(3) 67(2) 
F(82) 442(3) 5969(5) 15(3) 73(2) 
F(83) 1156(4) 5126(4) -133(3) 69(2) 
F(84) 811(5) 3492(4) 1709(4) 96(3) 
F(85) 1748(4) 3574(4) 2674(4) 86(2) 
F(86) 766(5) 4111(4) 2593(4) 85(2) 
F(641) 551(16) 8770(30) 1534(13) 124(13) 
F(651) 1030(20) 9400(20) 990(30) 200(30) 
F(661) 807(14) 8259(16) 807(12) 79(10) 
F(631) 4180(18) 9133(17) 3527(16) 111(13) 
F(611) 3462(15) 10051(17) 3080(20) 97(16) 
F(621) 3950(20) 9510(20) 2470(20) 112(14) 
 










W(1)-C(1)  1.947(4) N(19)-C(20)  1.357(4) 
W(1)-N(3)  1.969(3) C(20)-C(21)  1.373(5) 
W(1)-C(10)  2.073(3) C(20)-C(23)  1.496(5) 
W(1)-C(9)  2.117(4) C(21)-C(22)  1.394(5) 
W(1)-N(25)  2.248(3) C(22)-C(24)  1.493(5) 
W(1)-N(18)  2.264(3) N(25)-C(29)  1.350(4) 
W(1)-N(32)  2.274(3) N(25)-N(26)  1.375(4) 
C(1)-O(2)  1.164(4) N(26)-C(27)  1.356(4) 
N(3)-C(6)  1.489(5) C(27)-C(28)  1.377(5) 
N(3)-C(4)  1.492(5) C(27)-C(30)  1.495(5) 
C(4)-C(5)  1.526(6) C(28)-C(29)  1.393(5) 
C(5)-C(6)  1.535(5) C(29)-C(31)  1.491(5) 
C(6)-C(7)  1.498(6) N(32)-C(36)  1.349(4) 
C(8)-C(9)  1.494(5) N(32)-N(33)  1.379(4) 
C(9)-C(10)  1.292(5) N(33)-C(34)  1.352(4) 
C(10)-C(11)  1.461(5) C(34)-C(35)  1.380(5) 
C(11)-C(12)  1.397(5) C(34)-C(37)  1.490(5) 
C(11)-C(16)  1.399(5) C(35)-C(36)  1.397(5) 
C(12)-C(13)  1.386(6) C(36)-C(38)  1.488(5) 
C(13)-C(14)  1.377(7) C(41)-C(42)  1.436(14) 
C(14)-C(15)  1.377(7) C(42)-C(43)  1.537(18) 
C(15)-C(16)  1.389(6) C(43)-C(44)  1.59(2) 
B(17)-N(33)  1.527(5) C(44)-C(45)  1.21(2) 
B(17)-N(19)  1.529(5) C(51)-C(52)  1.511(18) 
B(17)-N(26)  1.546(5) C(52)-C(53)  1.67(2) 
N(18)-C(22)  1.348(4) C(53)-C(54)  1.63(3) 
N(18)-N(19)  1.373(4) C(54)-C(55)  1.18(3) 
 
 
C(1)-W(1)-N(3) 90.73(13) N(19)-B(17)-N(26) 108.3(3) 
C(1)-W(1)-C(10) 103.78(14) C(22)-N(18)-N(19) 106.5(3) 
N(3)-W(1)-C(10) 107.93(13) C(22)-N(18)-W(1) 133.8(2) 
C(1)-W(1)-C(9) 68.01(14) N(19)-N(18)-W(1) 119.35(19)
N(3)-W(1)-C(9) 104.67(13) C(20)-N(19)-N(18) 110.0(3) 
C(10)-W(1)-C(9) 35.91(13) C(20)-N(19)-B(17) 129.1(3) 
C(1)-W(1)-N(25) 93.08(13) N(18)-N(19)-B(17) 120.7(3) 
N(3)-W(1)-N(25) 87.79(11) N(19)-C(20)-C(21) 107.5(3) 
C(10)-W(1)-N(25) 156.50(12) N(19)-C(20)-C(23) 123.0(3) 
C(9)-W(1)-N(25) 157.06(12) C(21)-C(20)-C(23) 129.4(3) 
C(1)-W(1)-N(18) 95.65(12) C(20)-C(21)-C(22) 106.6(3) 
N(3)-W(1)-N(18) 162.25(12) N(18)-C(22)-C(21) 109.5(3) 
C(10)-W(1)-N(18) 86.64(12) N(18)-C(22)-C(24) 123.3(3) 
C(9)-W(1)-N(18) 93.08(12) C(21)-C(22)-C(24) 127.2(3) 
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N(25)-W(1)-N(18) 75.37(9) C(29)-N(25)-N(26) 106.3(3) 
C(1)-W(1)-N(32) 173.89(12) C(29)-N(25)-W(1) 133.7(2) 
N(3)-W(1)-N(32) 85.52(11) N(26)-N(25)-W(1) 119.61(19)
C(10)-W(1)-N(32) 82.00(12) C(27)-N(26)-N(25) 110.2(3) 
C(9)-W(1)-N(32) 117.62(12) C(27)-N(26)-B(17) 129.2(3) 
N(25)-W(1)-N(32) 81.97(10) N(25)-N(26)-B(17) 120.2(3) 
N(18)-W(1)-N(32) 86.60(10) N(26)-C(27)-C(28) 107.4(3) 
O(2)-C(1)-W(1) 176.8(3) N(26)-C(27)-C(30) 122.5(3) 
C(6)-N(3)-C(4) 90.7(3) C(28)-C(27)-C(30) 130.2(3) 
C(6)-N(3)-W(1) 132.9(2) C(27)-C(28)-C(29) 106.6(3) 
C(4)-N(3)-W(1) 134.9(2) N(25)-C(29)-C(28) 109.6(3) 
N(3)-C(4)-C(5) 90.5(3) N(25)-C(29)-C(31) 123.4(3) 
C(4)-C(5)-C(6) 87.8(3) C(28)-C(29)-C(31) 127.0(3) 
N(3)-C(6)-C(7) 113.9(3) C(36)-N(32)-N(33) 106.4(3) 
N(3)-C(6)-C(5) 90.3(3) C(36)-N(32)-W(1) 132.7(3) 
C(7)-C(6)-C(5) 118.1(4) N(33)-N(32)-W(1) 119.9(2) 
C(10)-C(9)-C(8) 140.6(4) C(34)-N(33)-N(32) 110.2(3) 
C(10)-C(9)-W(1) 70.2(2) C(34)-N(33)-B(17) 130.1(3) 
C(8)-C(9)-W(1) 149.2(3) N(32)-N(33)-B(17) 119.7(3) 
C(9)-C(10)-C(11) 138.8(3) N(33)-C(34)-C(35) 107.5(3) 
C(9)-C(10)-W(1) 73.9(2) N(33)-C(34)-C(37) 123.1(3) 
C(11)-C(10)-W(1) 147.2(3) C(35)-C(34)-C(37) 129.5(3) 
C(12)-C(11)-C(16) 118.5(4) C(34)-C(35)-C(36) 106.6(3) 
C(12)-C(11)-C(10) 120.8(3) N(32)-C(36)-C(35) 109.4(3) 
C(16)-C(11)-C(10) 120.6(3) N(32)-C(36)-C(38) 123.4(3) 
C(13)-C(12)-C(11) 120.7(4) C(35)-C(36)-C(38) 127.1(3) 
C(14)-C(13)-C(12) 120.3(4) C(41)-C(42)-C(43) 107.7(13) 
C(15)-C(14)-C(13) 119.6(4) C(42)-C(43)-C(44) 117.0(11) 
C(14)-C(15)-C(16) 121.1(4) C(45)-C(44)-C(43) 128.4(17) 
C(15)-C(16)-C(11) 119.8(4) C(51)-C(52)-C(53) 84.8(12) 
N(33)-B(17)-N(19) 111.2(3) C(54)-C(53)-C(52) 113.1(15) 

















Table 4.14  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 7. 
 
                                             x                      y                       z                    U(eq)      
W(1) 1684(1) 1495(1) 1137(1) 20(1) 
C(1) 2235(1) 1647(3) 1580(2) 25(1) 
O(2) 2557(1) 1717(3) 1868(1) 32(1) 
N(3) 1551(1) 3359(3) 1423(1) 27(1) 
C(4) 1279(1) 4511(4) 1160(2) 36(1) 
C(5) 1448(1) 5452(5) 1698(2) 48(1) 
C(6) 1758(1) 4305(4) 1909(2) 33(1) 
C(7) 1778(2) 3750(5) 2553(2) 50(1) 
C(8) 2037(1) -191(5) 2524(2) 37(1) 
C(9) 1770(1) 262(4) 1948(2) 27(1) 
C(10) 1412(1) 42(4) 1644(2) 24(1) 
C(11) 1059(1) -844(4) 1682(2) 26(1) 
C(12) 920(1) -1066(5) 2247(2) 36(1) 
C(13) 597(1) -1956(5) 2287(2) 47(1) 
C(14) 410(1) -2642(5) 1769(2) 51(1) 
C(15) 544(1) -2434(5) 1210(2) 47(1) 
C(16) 864(1) -1532(4) 1158(2) 33(1) 
B(17) 1367(1) 852(4) -359(2) 23(1) 
N(18) 1817(1) -298(3) 527(1) 22(1) 
N(19) 1616(1) -379(3) -67(1) 22(1) 
C(20) 1706(1) -1595(4) -330(2) 28(1) 
C(21) 1972(1) -2306(4) 99(2) 30(1) 
C(22) 2036(1) -1478(3) 627(2) 25(1) 
C(23) 1543(1) -1979(4) -982(2) 39(1) 
C(24) 2305(1) -1788(4) 1221(2) 31(1) 
N(25) 1849(1) 2511(3) 282(1) 21(1) 
N(26) 1640(1) 2160(3) -287(1) 22(1) 
C(27) 1752(1) 3002(4) -729(2) 25(1) 
C(28) 2043(1) 3901(4) -443(2) 26(1) 
C(29) 2097(1) 3573(3) 184(2) 25(1) 
C(30) 1575(1) 2874(4) -1396(2) 34(1) 
C(31) 2380(1) 4257(4) 687(2) 30(1) 
N(32) 1052(1) 1539(3) 575(1) 23(1) 
N(33) 997(1) 1122(3) -36(1) 23(1) 
C(34) 596(1) 1016(4) -252(2) 26(1) 
C(35) 386(1) 1380(4) 223(2) 30(1) 
C(36) 677(1) 1691(4) 732(2) 28(1) 
C(37) 438(1) 587(5) -897(2) 37(1) 
C(38) 603(1) 2077(4) 1365(2) 33(1) 
C(41) 768(4) 4970(11) 9544(5) 81(3) 
C(42) 521(5) 5713(14) 9058(6) 112(4) 
C(43) 660(4) 5297(12) 8443(8) 107(5) 
C(44) 599(8) 6410(30) 7900(8) 194(11) 
C(45) 458(6) 7577(14) 7906(10) 155(7) 
C(51) 628(6) 6197(16) 9756(8) 81(3) 
C(52) 306(7) 5080(20) 9669(9) 112(4) 
C(53) 511(6) 4654(19) 9039(10) 107(5) 
C(54) 469(12) 5880(40) 8521(11) 194(11) 
C(55) 378(10) 5910(30) 7981(13) 155(7) 
 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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W(1)-C(1)  2.022(5) C(36)-H(36B) 0.98 
W(1)-C(9)  2.035(4) C(36)-H(36C) 0.98 
W(1)-C(8)  2.060(4) C(37)-H(37A) 0.98 
W(1)-N(31)  2.167(3) C(37)-H(37B) 0.98 
W(1)-N(3)  2.182(4) C(37)-H(37C) 0.98 
W(1)-N(24)  2.223(3) B(40)-C(83)  1.634(5) 
W(1)-N(17)  2.239(3) B(40)-C(55)  1.638(5) 
C(1)-O(2)  1.087(6) B(40)-C(69)  1.643(5) 
N(3)-C(6)  1.488(7) B(40)-C(41)  1.645(5) 
N(3)-C(4)  1.500(6) C(41)-C(42)  1.395(5) 
N(3)-H(3)  0.93 C(41)-C(46)  1.407(5) 
C(4)-C(5)  1.516(9) C(42)-C(43)  1.401(5) 
C(4)-H(4A)  0.99 C(42)-H(42)  0.95 
C(4)-H(4B)  0.99 C(43)-C(44)  1.387(6) 
C(5)-C(6)  1.529(9) C(43)-C(47)  1.494(5) 
C(5)-H(5A)  0.99 C(44)-C(45)  1.392(6) 
C(5)-H(5B)  0.99 C(44)-H(44)  0.95 
C(6)-H(6A)  0.99 C(45)-C(46)  1.388(5) 
C(6)-H(6B)  0.99 C(45)-C(48)  1.503(5) 
C(7)-C(8)  1.479(6) C(46)-H(46)  0.95 
C(7)-H(7A)  0.98 C(47)-F(50)  1.318(6) 
C(7)-H(7B)  0.98 C(47)-F(51)  1.325(5) 
C(7)-H(7C)  0.98 C(47)-F(49)  1.345(6) 
C(8)-C(9)  1.308(6) C(48)-F(54)  1.336(6) 
C(9)-C(10)  1.453(6) C(48)-F(53)  1.344(5) 
C(10)-C(11)  1.386(6) C(48)-F(52)  1.347(5) 
C(10)-C(15)  1.405(6) C(55)-C(60)  1.403(5) 
C(11)-C(12)  1.395(6) C(55)-C(56)  1.406(5) 
C(11)-H(11)  0.95 C(56)-C(57)  1.392(5) 
C(12)-C(13)  1.386(7) C(56)-H(56)  0.95 
C(12)-H(12)  0.95 C(57)-C(58)  1.398(6) 
C(13)-C(14)  1.376(8) C(57)-C(61)  1.497(6) 
C(13)-H(13)  0.95 C(58)-C(59)  1.385(6) 
C(14)-C(15)  1.386(7) C(58)-H(58)  0.95 
C(14)-H(14)  0.95 C(59)-C(60)  1.396(5) 
C(15)-H(15)  0.95 C(59)-C(62)  1.510(6) 
B(16)-N(25)  1.533(5) C(60)-H(60)  0.95 
B(16)-N(32)  1.540(5) C(61)-F(63)  1.321(6) 
B(16)-N(18)  1.547(5) C(61)-F(65)  1.328(6) 
B(16)-H(16)  1 C(61)-F(64)  1.352(7) 
N(17)-C(21)  1.359(5) C(62)-F(68)  1.304(6) 
N(17)-N(18)  1.381(4) C(62)-F(66)  1.311(6) 
N(18)-C(19)  1.349(4) C(62)-F(67)  1.367(6) 
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C(19)-C(20)  1.380(5) C(69)-C(74)  1.399(5) 
C(19)-C(22)  1.496(5) C(69)-C(70)  1.411(5) 
C(20)-C(21)  1.388(6) C(70)-C(71)  1.392(5) 
C(20)-H(20)  0.95 C(70)-H(70)  0.95 
C(21)-C(23)  1.497(6) C(71)-C(72)  1.392(5) 
C(22)-H(22A)  0.98 C(71)-C(75)  1.507(5) 
C(22)-H(22B)  0.98 C(72)-C(73)  1.394(5) 
C(22)-H(22C)  0.98 C(72)-H(72)  0.95 
C(23)-H(23A)  0.98 C(73)-C(74)  1.400(5) 
C(23)-H(23B)  0.98 C(73)-C(76)  1.497(5) 
C(23)-H(23C)  0.98 C(74)-H(74)  0.95 
N(24)-C(28)  1.360(5) C(75)-F(77)  1.328(6) 
N(24)-N(25)  1.371(4) C(75)-F(78)  1.329(6) 
N(25)-C(26)  1.351(5) C(75)-F(79)  1.330(5) 
C(26)-C(27)  1.378(6) C(76)-F(82)  1.313(5) 
C(26)-C(29)  1.496(6) C(76)-F(80)  1.326(5) 
C(27)-C(28)  1.388(6) C(76)-F(81)  1.328(5) 
C(27)-H(27)  0.95 C(83)-C(88)  1.403(5) 
C(28)-C(30)  1.501(6) C(83)-C(84)  1.404(5) 
C(29)-H(29A)  0.98 C(84)-C(85)  1.386(5) 
C(29)-H(29B)  0.98 C(84)-H(84)  0.95 
C(29)-H(29C)  0.98 C(85)-C(86)  1.388(5) 
C(30)-H(30A)  0.98 C(85)-C(89)  1.498(5) 
C(30)-H(30B)  0.98 C(86)-C(87)  1.385(5) 
C(30)-H(30C)  0.98 C(86)-H(86)  0.95 
N(31)-C(35)  1.350(5) C(87)-C(88)  1.396(5) 
N(31)-N(32)  1.373(4) C(87)-C(90)  1.498(5) 
N(32)-C(33)  1.352(5) C(88)-H(88)  0.95 
C(33)-C(34)  1.383(5) C(89)-F(92)  1.227(7) 
C(33)-C(36)  1.495(6) C(89)-F(93)  1.246(7) 
C(34)-C(35)  1.395(6) C(89)-F(91)  1.307(7) 
C(34)-H(34)  0.95 C(90)-F(94)  1.329(5) 
C(35)-C(37)  1.494(5) C(90)-F(96)  1.329(5) 
C(36)-H(36A)  0.98 C(90)-F(95)  1.336(5) 
 
 
C(1)-W(1)-C(9) 106.72(16) C(33)-C(34)-C(35) 106.3(3) 
C(1)-W(1)-C(8) 71.34(17) C(33)-C(34)-H(34) 126.9 
C(9)-W(1)-C(8) 37.25(16) C(35)-C(34)-H(34) 126.9 
C(1)-W(1)-N(31) 95.65(16) N(31)-C(35)-C(34) 109.5(3) 
C(9)-W(1)-N(31) 87.06(13) N(31)-C(35)-C(37) 123.1(3) 
C(8)-W(1)-N(31) 101.71(14) C(34)-C(35)-C(37) 127.5(4) 
C(1)-W(1)-N(3) 93.49(18) C(33)-C(36)-H(36A) 109.5 
C(9)-W(1)-N(3) 100.52(17) C(33)-C(36)-H(36B) 109.5 
C(8)-W(1)-N(3) 91.33(17) H(36A)-C(36)-H(36B) 109.5 
N(31)-W(1)-N(3) 165.94(14) C(33)-C(36)-H(36C) 109.5 
C(1)-W(1)-N(24) 168.17(14) H(36A)-C(36)-H(36C) 109.5 
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C(9)-W(1)-N(24) 85.03(13) H(36B)-C(36)-H(36C) 109.5 
C(8)-W(1)-N(24) 119.81(14) C(35)-C(37)-H(37A) 109.5 
N(31)-W(1)-N(24) 86.16(11) C(35)-C(37)-H(37B) 109.5 
N(3)-W(1)-N(24) 82.76(14) H(37A)-C(37)-H(37B) 109.5 
C(1)-W(1)-N(17) 85.77(15) C(35)-C(37)-H(37C) 109.5 
C(9)-W(1)-N(17) 162.94(14) H(37A)-C(37)-H(37C) 109.5 
C(8)-W(1)-N(17) 157.12(14) H(37B)-C(37)-H(37C) 109.5 
N(31)-W(1)-N(17) 80.05(11) C(83)-B(40)-C(55) 113.1(3) 
N(3)-W(1)-N(17) 90.01(15) C(83)-B(40)-C(69) 113.1(3) 
N(24)-W(1)-N(17) 83.02(11) C(55)-B(40)-C(69) 104.9(3) 
O(2)-C(1)-W(1) 170.4(5) C(83)-B(40)-C(41) 103.0(3) 
C(6)-N(3)-C(4) 89.5(4) C(55)-B(40)-C(41) 110.4(3) 
C(6)-N(3)-W(1) 126.6(3) C(69)-B(40)-C(41) 112.4(3) 
C(4)-N(3)-W(1) 128.1(3) C(42)-C(41)-C(46) 116.1(3) 
C(6)-N(3)-H(3) 102.9 C(42)-C(41)-B(40) 125.2(3) 
C(4)-N(3)-H(3) 102.9 C(46)-C(41)-B(40) 118.5(3) 
W(1)-N(3)-H(3) 102.9 C(41)-C(42)-C(43) 121.8(3) 
N(3)-C(4)-C(5) 90.7(5) C(41)-C(42)-H(42) 119.1 
N(3)-C(4)-H(4A) 113.5 C(43)-C(42)-H(42) 119.1 
C(5)-C(4)-H(4A) 113.5 C(44)-C(43)-C(42) 121.1(3) 
N(3)-C(4)-H(4B) 113.5 C(44)-C(43)-C(47) 118.6(3) 
C(5)-C(4)-H(4B) 113.5 C(42)-C(43)-C(47) 120.2(4) 
H(4A)-C(4)-H(4B) 110.8 C(43)-C(44)-C(45) 117.8(3) 
C(4)-C(5)-C(6) 87.4(4) C(43)-C(44)-H(44) 121.1 
C(4)-C(5)-H(5A) 114.1 C(45)-C(44)-H(44) 121.1 
C(6)-C(5)-H(5A) 114.1 C(46)-C(45)-C(44) 121.0(3) 
C(4)-C(5)-H(5B) 114.1 C(46)-C(45)-C(48) 120.4(4) 
C(6)-C(5)-H(5B) 114.1 C(44)-C(45)-C(48) 118.6(4) 
H(5A)-C(5)-H(5B) 111.3 C(45)-C(46)-C(41) 122.1(3) 
N(3)-C(6)-C(5) 90.6(5) C(45)-C(46)-H(46) 118.9 
N(3)-C(6)-H(6A) 113.5 C(41)-C(46)-H(46) 118.9 
C(5)-C(6)-H(6A) 113.5 F(50)-C(47)-F(51) 106.6(4) 
N(3)-C(6)-H(6B) 113.5 F(50)-C(47)-F(49) 104.8(5) 
C(5)-C(6)-H(6B) 113.5 F(51)-C(47)-F(49) 104.6(4) 
H(6A)-C(6)-H(6B) 110.8 F(50)-C(47)-C(43) 113.3(4) 
C(8)-C(7)-H(7A) 109.5 F(51)-C(47)-C(43) 113.1(4) 
C(8)-C(7)-H(7B) 109.5 F(49)-C(47)-C(43) 113.6(3) 
H(7A)-C(7)-H(7B) 109.5 F(54)-C(48)-F(53) 106.1(4) 
C(8)-C(7)-H(7C) 109.5 F(54)-C(48)-F(52) 108.2(4) 
H(7A)-C(7)-H(7C) 109.5 F(53)-C(48)-F(52) 105.5(3) 
H(7B)-C(7)-H(7C) 109.5 F(54)-C(48)-C(45) 112.7(3) 
C(9)-C(8)-C(7) 141.6(4) F(53)-C(48)-C(45) 112.1(4) 
C(9)-C(8)-W(1) 70.3(2) F(52)-C(48)-C(45) 111.8(4) 
C(7)-C(8)-W(1) 148.1(3) C(60)-C(55)-C(56) 116.0(3) 
C(8)-C(9)-C(10) 138.5(4) C(60)-C(55)-B(40) 122.5(3) 
C(8)-C(9)-W(1) 72.4(3) C(56)-C(55)-B(40) 121.3(3) 
C(10)-C(9)-W(1) 147.7(3) C(57)-C(56)-C(55) 122.2(3) 
C(11)-C(10)-C(15) 119.3(4) C(57)-C(56)-H(56) 118.9 
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C(11)-C(10)-C(9) 120.5(4) C(55)-C(56)-H(56) 118.9 
C(15)-C(10)-C(9) 120.1(4) C(56)-C(57)-C(58) 120.6(4) 
C(10)-C(11)-C(12) 120.1(4) C(56)-C(57)-C(61) 120.2(4) 
C(10)-C(11)-H(11) 119.9 C(58)-C(57)-C(61) 119.2(4) 
C(12)-C(11)-H(11) 119.9 C(59)-C(58)-C(57) 118.3(4) 
C(13)-C(12)-C(11) 120.1(5) C(59)-C(58)-H(58) 120.8 
C(13)-C(12)-H(12) 119.9 C(57)-C(58)-H(58) 120.8 
C(11)-C(12)-H(12) 119.9 C(58)-C(59)-C(60) 120.7(4) 
C(14)-C(13)-C(12) 120.0(5) C(58)-C(59)-C(62) 118.3(4) 
C(14)-C(13)-H(13) 120 C(60)-C(59)-C(62) 121.0(4) 
C(12)-C(13)-H(13) 120 C(59)-C(60)-C(55) 122.2(3) 
C(13)-C(14)-C(15) 120.5(5) C(59)-C(60)-H(60) 118.9 
C(13)-C(14)-H(14) 119.7 C(55)-C(60)-H(60) 118.9 
C(15)-C(14)-H(14) 119.7 F(63)-C(61)-F(65) 108.0(5) 
C(14)-C(15)-C(10) 119.9(5) F(63)-C(61)-F(64) 105.4(4) 
C(14)-C(15)-H(15) 120 F(65)-C(61)-F(64) 104.9(4) 
C(10)-C(15)-H(15) 120 F(63)-C(61)-C(57) 113.4(4) 
N(25)-B(16)-N(32) 109.7(3) F(65)-C(61)-C(57) 112.7(4) 
N(25)-B(16)-N(18) 109.1(3) F(64)-C(61)-C(57) 111.9(5) 
N(32)-B(16)-N(18) 107.6(3) F(68)-C(62)-F(66) 108.2(4) 
N(25)-B(16)-H(16) 110.1 F(68)-C(62)-F(67) 103.9(4) 
N(32)-B(16)-H(16) 110.1 F(66)-C(62)-F(67) 107.0(4) 
N(18)-B(16)-H(16) 110.1 F(68)-C(62)-C(59) 114.1(3) 
C(21)-N(17)-N(18) 106.2(3) F(66)-C(62)-C(59) 111.7(4) 
C(21)-N(17)-W(1) 135.3(3) F(67)-C(62)-C(59) 111.4(4) 
N(18)-N(17)-W(1) 117.6(2) C(74)-C(69)-C(70) 115.6(3) 
C(19)-N(18)-N(17) 109.8(3) C(74)-C(69)-B(40) 124.2(3) 
C(19)-N(18)-B(16) 128.7(3) C(70)-C(69)-B(40) 120.0(3) 
N(17)-N(18)-B(16) 121.4(3) C(71)-C(70)-C(69) 122.6(3) 
N(18)-C(19)-C(20) 107.9(3) C(71)-C(70)-H(70) 118.7 
N(18)-C(19)-C(22) 123.1(3) C(69)-C(70)-H(70) 118.7 
C(20)-C(19)-C(22) 129.0(3) C(70)-C(71)-C(72) 120.7(3) 
C(19)-C(20)-C(21) 106.6(3) C(70)-C(71)-C(75) 120.6(3) 
C(19)-C(20)-H(20) 126.7 C(72)-C(71)-C(75) 118.7(3) 
C(21)-C(20)-H(20) 126.7 C(71)-C(72)-C(73) 118.0(3) 
N(17)-C(21)-C(20) 109.4(3) C(71)-C(72)-H(72) 121 
N(17)-C(21)-C(23) 124.5(4) C(73)-C(72)-H(72) 121 
C(20)-C(21)-C(23) 126.1(4) C(72)-C(73)-C(74) 120.8(3) 
C(19)-C(22)-H(22A) 109.5 C(72)-C(73)-C(76) 118.8(3) 
C(19)-C(22)-H(22B) 109.5 C(74)-C(73)-C(76) 120.4(3) 
H(22A)-C(22)-H(22B) 109.5 C(69)-C(74)-C(73) 122.3(3) 
C(19)-C(22)-H(22C) 109.5 C(69)-C(74)-H(74) 118.9 
H(22A)-C(22)-H(22C) 109.5 C(73)-C(74)-H(74) 118.9 
H(22B)-C(22)-H(22C) 109.5 F(77)-C(75)-F(78) 105.6(4) 
C(21)-C(23)-H(23A) 109.5 F(77)-C(75)-F(79) 107.5(4) 
C(21)-C(23)-H(23B) 109.5 F(78)-C(75)-F(79) 105.6(4) 
H(23A)-C(23)-H(23B) 109.5 F(77)-C(75)-C(71) 113.2(4) 
C(21)-C(23)-H(23C) 109.5 F(78)-C(75)-C(71) 112.4(4) 
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H(23A)-C(23)-H(23C) 109.5 F(79)-C(75)-C(71) 112.1(4) 
H(23B)-C(23)-H(23C) 109.5 F(82)-C(76)-F(80) 106.2(4) 
C(28)-N(24)-N(25) 106.2(3) F(82)-C(76)-F(81) 106.3(4) 
C(28)-N(24)-W(1) 133.6(3) F(80)-C(76)-F(81) 104.8(4) 
N(25)-N(24)-W(1) 120.2(2) F(82)-C(76)-C(73) 113.4(3) 
C(26)-N(25)-N(24) 110.2(3) F(80)-C(76)-C(73) 112.7(3) 
C(26)-N(25)-B(16) 130.3(3) F(81)-C(76)-C(73) 112.7(3) 
N(24)-N(25)-B(16) 119.3(3) C(88)-C(83)-C(84) 115.3(3) 
N(25)-C(26)-C(27) 107.6(3) C(88)-C(83)-B(40) 123.7(3) 
N(25)-C(26)-C(29) 122.9(4) C(84)-C(83)-B(40) 120.5(3) 
C(27)-C(26)-C(29) 129.5(4) C(85)-C(84)-C(83) 122.2(3) 
C(26)-C(27)-C(28) 106.7(3) C(85)-C(84)-H(84) 118.9 
C(26)-C(27)-H(27) 126.7 C(83)-C(84)-H(84) 118.9 
C(28)-C(27)-H(27) 126.7 C(84)-C(85)-C(86) 121.5(3) 
N(24)-C(28)-C(27) 109.3(3) C(84)-C(85)-C(89) 119.2(3) 
N(24)-C(28)-C(30) 124.8(4) C(86)-C(85)-C(89) 119.2(3) 
C(27)-C(28)-C(30) 126.0(4) C(87)-C(86)-C(85) 117.5(3) 
C(26)-C(29)-H(29A) 109.5 C(87)-C(86)-H(86) 121.2 
C(26)-C(29)-H(29B) 109.5 C(85)-C(86)-H(86) 121.2 
H(29A)-C(29)-H(29B) 109.5 C(86)-C(87)-C(88) 120.9(3) 
C(26)-C(29)-H(29C) 109.5 C(86)-C(87)-C(90) 119.5(3) 
H(29A)-C(29)-H(29C) 109.5 C(88)-C(87)-C(90) 119.5(3) 
H(29B)-C(29)-H(29C) 109.5 C(87)-C(88)-C(83) 122.5(3) 
C(28)-C(30)-H(30A) 109.5 C(87)-C(88)-H(88) 118.8 
C(28)-C(30)-H(30B) 109.5 C(83)-C(88)-H(88) 118.8 
H(30A)-C(30)-H(30B) 109.5 F(92)-C(89)-F(93) 113.4(7) 
C(28)-C(30)-H(30C) 109.5 F(92)-C(89)-F(91) 102.8(6) 
H(30A)-C(30)-H(30C) 109.5 F(93)-C(89)-F(91) 97.4(7) 
H(30B)-C(30)-H(30C) 109.5 F(92)-C(89)-C(85) 113.7(5) 
C(35)-N(31)-N(32) 106.6(3) F(93)-C(89)-C(85) 114.2(4) 
C(35)-N(31)-W(1) 132.2(3) F(91)-C(89)-C(85) 113.6(4) 
N(32)-N(31)-W(1) 119.6(2) F(94)-C(90)-F(96) 105.6(4) 
C(33)-N(32)-N(31) 110.1(3) F(94)-C(90)-F(95) 107.9(4) 
C(33)-N(32)-B(16) 129.9(3) F(96)-C(90)-F(95) 104.7(3) 
N(31)-N(32)-B(16) 119.6(3) F(94)-C(90)-C(87) 113.0(3) 
N(32)-C(33)-C(34) 107.5(3) F(96)-C(90)-C(87) 113.0(3) 
N(32)-C(33)-C(36) 123.0(3) F(95)-C(90)-C(87) 112.1(3) 











Table 4.16  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 8. 
 
                                             x                      y                       z                    U(eq)      
W(1) 4280(1) 1696(1) 3503(1) 23(1) 
C(1) 3587(3) 1840(3) 4410(3) 43(1) 
O(2) 3223(3) 2042(3) 4881(2) 47(1) 
N(3) 3194(4) 2421(3) 2813(2) 47(1) 
C(4) 2477(4) 3039(4) 3071(4) 53(1) 
C(5) 1661(5) 2713(5) 2325(4) 71(2) 
C(6) 2311(4) 1963(4) 2145(3) 55(1) 
C(7) 5059(5) 3747(3) 4794(3) 46(1) 
C(8) 5068(4) 2982(3) 4181(2) 33(1) 
C(9) 5679(3) 2728(3) 3730(2) 27(1) 
C(10) 6792(3) 3007(3) 3644(2) 30(1) 
C(11) 7310(4) 2318(3) 3380(2) 36(1) 
C(12) 8405(4) 2576(4) 3359(3) 47(1) 
C(13) 8970(4) 3527(4) 3582(3) 52(1) 
C(14) 8457(4) 4217(4) 3835(3) 51(1) 
C(15) 7376(4) 3968(3) 3874(3) 40(1) 
B(16) 4567(3) -386(3) 2692(2) 23(1) 
N(17) 3062(2) 290(2) 3140(2) 24(1) 
N(18) 3409(2) -494(2) 2842(2) 23(1) 
C(19) 2628(3) -1305(3) 2759(2) 26(1) 
C(20) 1757(3) -1053(3) 3005(2) 29(1) 
C(21) 2045(3) -61(3) 3238(2) 29(1) 
C(22) 2762(3) -2284(3) 2465(2) 33(1) 
C(23) 1349(3) 545(3) 3539(3) 38(1) 
N(24) 4725(3) 1316(2) 2400(2) 27(1) 
N(25) 4748(2) 377(2) 2160(2) 24(1) 
C(26) 5020(3) 309(3) 1474(2) 30(1) 
C(27) 5184(4) 1222(3) 1264(2) 35(1) 
C(28) 5002(3) 1836(3) 1848(2) 32(1) 
C(29) 5088(4) -628(3) 1054(2) 39(1) 
C(30) 5091(5) 2906(3) 1874(3) 44(1) 
N(31) 5246(2) 710(2) 3944(2) 22(1) 
N(32) 5370(2) -48(2) 3461(2) 22(1) 
C(33) 6172(3) -443(3) 3803(2) 27(1) 
C(34) 6583(3) 72(3) 4523(2) 31(1) 
C(35) 5983(3) 779(3) 4595(2) 27(1) 
C(36) 6486(4) -1298(3) 3431(3) 35(1) 
C(37) 6104(4) 1520(3) 5269(2) 35(1) 
B(40) 8553(3) 6665(3) 1877(2) 19(1) 
C(41) 7261(3) 6514(2) 1896(2) 21(1) 
C(42) 6793(3) 6186(2) 2485(2) 23(1) 
C(43) 5674(3) 6027(3) 2442(2) 27(1) 
C(44) 4981(3) 6183(3) 1804(2) 31(1) 
C(45) 5433(3) 6496(3) 1205(2) 29(1) 
C(46) 6542(3) 6659(3) 1251(2) 25(1) 
C(47) 5206(4) 5689(3) 3090(3) 37(1) 
C(48) 4691(3) 6634(3) 498(3) 40(1) 
F(49) 5946(3) 5791(3) 3741(2) 71(1) 
F(50) 4724(5) 4764(3) 2964(3) 102(2) 
F(51) 4484(3) 6170(3) 3266(2) 62(1) 
F(52) 4239(3) 5789(2) 40(2) 58(1) 
F(53) 3856(2) 6996(2) 654(2) 48(1) 
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F(54) 5190(2) 7247(3) 95(2) 59(1) 
C(55) 9001(3) 7722(3) 1630(2) 22(1) 
C(56) 8538(3) 8513(3) 1789(2) 27(1) 
C(57) 8956(3) 9433(3) 1633(2) 31(1) 
C(58) 9861(3) 9602(3) 1303(2) 32(1) 
C(59) 10337(3) 8836(3) 1146(2) 29(1) 
C(60) 9920(3) 7917(3) 1311(2) 25(1) 
C(61) 8428(4) 10252(3) 1805(3) 47(1) 
C(62) 11320(4) 9021(3) 796(3) 41(1) 
F(63) 7890(4) 10136(2) 2356(3) 83(1) 
F(64) 7695(3) 10360(3) 1198(3) 76(1) 
F(65) 9128(3) 11101(2) 1988(3) 69(1) 
F(66) 11069(3) 9174(4) 88(2) 84(1) 
F(67) 12071(3) 9819(3) 1181(3) 79(1) 
F(68) 11850(2) 8329(2) 816(2) 42(1) 
C(69) 9309(3) 6675(2) 2718(2) 20(1) 
C(70) 9214(3) 7290(3) 3352(2) 25(1) 
C(71) 9885(3) 7379(3) 4066(2) 28(1) 
C(72) 10684(3) 6848(3) 4186(2) 26(1) 
C(73) 10803(3) 6241(3) 3569(2) 23(1) 
C(74) 10131(3) 6163(2) 2851(2) 21(1) 
C(75) 9754(4) 8049(4) 4725(2) 42(1) 
C(76) 11660(3) 5666(3) 3687(2) 29(1) 
F(77) 9157(3) 8675(3) 4513(2) 68(1) 
F(78) 9272(3) 7574(3) 5209(2) 73(1) 
F(79) 10702(3) 8556(3) 5134(2) 71(1) 
F(80) 12635(2) 6213(2) 3994(2) 63(1) 
F(81) 11486(3) 5024(3) 4160(2) 70(1) 
F(82) 11754(3) 5179(3) 3057(2) 82(1) 
C(83) 8577(3) 5758(2) 1257(2) 20(1) 
C(84) 8460(3) 4817(3) 1450(2) 22(1) 
C(85) 8387(3) 4018(3) 923(2) 25(1) 
C(86) 8413(3) 4106(3) 169(2) 24(1) 
C(87) 8494(3) 5022(3) -44(2) 23(1) 
C(88) 8580(3) 5828(3) 489(2) 23(1) 
C(89) 8291(5) 3039(3) 1175(3) 44(1) 
C(90) 8435(3) 5143(3) -862(2) 31(1) 
F(91) 7590(5) 2859(3) 1608(4) 116(2) 
F(92) 9129(4) 2927(5) 1571(6) 222(6) 
F(93) 7860(11) 2353(3) 655(3) 239(6) 
F(94) 8643(4) 4398(3) -1268(2) 85(1) 
F(95) 7468(2) 5272(3) -1198(2) 60(1) 
F(96) 9138(2) 5918(2) -958(1) 45(1) 
 















W(1)-C(1)  1.958(3) C(57)-F(52)  1.333(3) 
W(1)-C(5)  2.019(3) C(58)-F(56)  1.314(4) 
W(1)-C(4)  2.054(3) C(58)-F(55)  1.333(4) 
W(1)-N(41)  2.167(2) C(58)-F(54)  1.354(5) 
W(1)-N(12)  2.186(2) C(61)-C(66)  1.395(4) 
W(1)-N(21)  2.211(2) C(61)-C(62)  1.403(4) 
W(1)-N(31)  2.230(2) C(62)-C(63)  1.391(4) 
C(1)-O(2)  1.157(4) C(63)-C(64)  1.390(4) 
C(3)-C(4)  1.495(4) C(63)-C(67)  1.502(4) 
C(4)-C(5)  1.314(4) C(64)-C(65)  1.385(4) 
C(5)-C(6)  1.456(4) C(65)-C(66)  1.398(4) 
C(6)-C(7)  1.392(4) C(65)-C(68)  1.502(4) 
C(6)-C(11)  1.402(4) C(67)-F(61)  1.334(4) 
C(7)-C(8)  1.382(4) C(67)-F(62)  1.339(4) 
C(8)-C(9)  1.380(4) C(67)-F(63)  1.343(4) 
C(9)-C(10)  1.387(5) C(68)-F(66)  1.207(7) 
C(10)-C(11)  1.379(4) C(68)-F(164)  1.253(12) 
N(12)-C(13)  1.312(4) C(68)-F(166)  1.274(7) 
N(12)-C(17)  1.482(4) C(68)-F(65)  1.320(13) 
C(13)-C(14)  1.481(4) C(68)-F(64)  1.432(6) 
C(14)-C(15)  1.522(5) C(68)-F(165)  1.453(8) 
C(15)-C(16)  1.512(5) C(71)-C(76)  1.400(4) 
C(16)-C(17)  1.514(4) C(71)-C(72)  1.401(4) 
B(20)-N(42)  1.533(4) C(72)-C(73)  1.391(4) 
B(20)-N(32)  1.536(4) C(73)-C(74)  1.388(4) 
B(20)-N(22)  1.546(4) C(73)-C(77)  1.498(4) 
N(21)-C(25)  1.355(4) C(74)-C(75)  1.385(4) 
N(21)-N(22)  1.378(3) C(75)-C(76)  1.394(4) 
N(22)-C(23)  1.344(4) C(75)-C(78)  1.497(4) 
C(23)-C(24)  1.386(4) C(77)-F(72)  1.321(4) 
C(23)-C(26)  1.494(4) C(77)-F(71)  1.330(4) 
C(24)-C(25)  1.379(4) C(77)-F(73)  1.339(4) 
C(25)-C(27)  1.494(4) C(81)-C(86)  1.398(4) 
N(31)-C(35)  1.352(4) C(81)-C(82)  1.403(4) 
N(31)-N(32)  1.377(3) C(82)-C(83)  1.390(4) 
N(32)-C(33)  1.351(4) C(83)-C(84)  1.388(5) 
C(33)-C(34)  1.377(4) C(83)-C(87)  1.500(5) 
C(33)-C(36)  1.493(4) C(84)-C(85)  1.378(5) 
C(34)-C(35)  1.396(4) C(85)-C(86)  1.398(4) 
C(35)-C(37)  1.486(4) C(85)-C(88)  1.497(5) 
N(41)-C(45)  1.351(4) C(87)-F(181)  1.156(8) 
N(41)-N(42)  1.381(3) C(87)-F(183)  1.212(9) 
N(42)-C(43)  1.349(4) C(87)-F(82)  1.270(5) 
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C(43)-C(44)  1.373(5) C(87)-F(83)  1.317(8) 
C(43)-C(46)  1.497(5) C(87)-F(182)  1.450(8) 
C(44)-C(45)  1.389(5) C(87)-F(81)  1.452(6) 
C(45)-C(47)  1.488(5) C(88)-F(85)  1.320(5) 
B(50)-C(71)  1.642(4) C(88)-F(86)  1.321(5) 
B(50)-C(51)  1.645(4) C(88)-F(84)  1.329(4) 
B(50)-C(81)  1.645(4) F(64)-F(166)  1.069(12) 
B(50)-C(61)  1.646(4) F(66)-F(165)  0.904(9) 
C(51)-C(52)  1.394(4) F(66)-F(166)  1.263(12) 
C(51)-C(56)  1.406(4) F(81)-F(181)  1.241(19) 
C(52)-C(53)  1.395(4) F(81)-F(183)  1.757(13) 
C(53)-C(54)  1.386(4) F(82)-F(181)  0.996(16) 
C(53)-C(57)  1.494(4) F(82)-F(182)  1.208(12) 
C(54)-C(55)  1.387(4) F(83)-F(182)  1.639(13) 
C(55)-C(56)  1.387(4) C(78)-F(75)  1.309(4) 
C(55)-C(58)  1.501(4) C(78)-F(74)  1.314(4) 
C(57)-F(53)  1.331(3) C(78)-F(76)  1.339(4) 
C(57)-F(51)  1.333(3)   
 
 
C(1)-W(1)-C(5) 106.61(12) C(64)-C(63)-C(62) 120.8(3) 
C(1)-W(1)-C(4) 70.13(12) C(64)-C(63)-C(67) 118.3(3) 
C(5)-W(1)-C(4) 37.64(11) C(62)-C(63)-C(67) 120.8(3) 
C(1)-W(1)-N(41) 95.54(11) C(65)-C(64)-C(63) 117.8(3) 
C(5)-W(1)-N(41) 88.54(10) C(64)-C(65)-C(66) 121.1(3) 
C(4)-W(1)-N(41) 100.86(10) C(64)-C(65)-C(68) 119.7(3) 
C(1)-W(1)-N(12) 92.15(11) C(66)-C(65)-C(68) 119.2(3) 
C(5)-W(1)-N(12) 103.93(10) C(61)-C(66)-C(65) 122.0(3) 
C(4)-W(1)-N(12) 96.17(10) F(61)-C(67)-F(62) 106.3(2) 
N(41)-W(1)-N(12) 162.84(9) F(61)-C(67)-F(63) 106.7(2) 
C(1)-W(1)-N(21) 86.60(11) F(62)-C(67)-F(63) 106.2(3) 
C(5)-W(1)-N(21) 163.28(10) F(61)-C(67)-C(63) 111.8(3) 
C(4)-W(1)-N(21) 156.72(10) F(62)-C(67)-C(63) 112.7(3) 
N(41)-W(1)-N(21) 79.86(9) F(63)-C(67)-C(63) 112.7(2) 
N(12)-W(1)-N(21) 85.33(9) F(66)-C(68)-F(164) 120.6(9) 
C(1)-W(1)-N(31) 168.84(11) F(66)-C(68)-F(166) 61.1(6) 
C(5)-W(1)-N(31) 84.48(10) F(164)-C(68)-F(166) 117.6(10)
C(4)-W(1)-N(31) 120.56(10) F(66)-C(68)-F(65) 112.8(9) 
N(41)-W(1)-N(31) 85.80(9) F(164)-C(68)-F(65) 13.5(13) 
N(12)-W(1)-N(31) 83.77(9) F(166)-C(68)-F(65) 125.4(8) 
N(21)-W(1)-N(31) 82.72(8) F(66)-C(68)-F(64) 105.0(5) 
O(2)-C(1)-W(1) 176.8(3) F(164)-C(68)-F(64) 84.4(8) 
C(5)-C(4)-C(3) 141.5(3) F(166)-C(68)-F(64) 46.1(6) 
C(5)-C(4)-W(1) 69.71(17) F(65)-C(68)-F(64) 97.2(7) 
C(3)-C(4)-W(1) 148.8(2) F(66)-C(68)-F(165) 38.3(5) 
C(4)-C(5)-C(6) 140.8(3) F(164)-C(68)-F(165) 100.0(9) 
C(4)-C(5)-W(1) 72.65(18) F(166)-C(68)-F(165) 99.1(7) 
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C(6)-C(5)-W(1) 145.2(2) F(65)-C(68)-F(165) 87.5(8) 
C(7)-C(6)-C(11) 119.2(3) F(64)-C(68)-F(165) 139.1(5) 
C(7)-C(6)-C(5) 120.2(3) F(66)-C(68)-C(65) 117.0(4) 
C(11)-C(6)-C(5) 120.5(3) F(164)-C(68)-C(65) 114.7(8) 
C(8)-C(7)-C(6) 120.3(3) F(166)-C(68)-C(65) 115.2(4) 
C(9)-C(8)-C(7) 120.3(3) F(65)-C(68)-C(65) 114.3(8) 
C(8)-C(9)-C(10) 119.9(3) F(64)-C(68)-C(65) 108.0(3) 
C(11)-C(10)-C(9) 120.4(3) F(165)-C(68)-C(65) 106.8(4) 
C(10)-C(11)-C(6) 119.9(3) C(76)-C(71)-C(72) 116.1(3) 
C(13)-N(12)-C(17) 119.0(2) C(76)-C(71)-B(50) 122.8(3) 
C(13)-N(12)-W(1) 122.3(2) C(72)-C(71)-B(50) 120.2(2) 
C(17)-N(12)-W(1) 118.11(18) C(73)-C(72)-C(71) 122.1(3) 
N(12)-C(13)-C(14) 125.8(3) C(74)-C(73)-C(72) 120.8(3) 
C(13)-C(14)-C(15) 112.9(3) C(74)-C(73)-C(77) 119.3(3) 
C(16)-C(15)-C(14) 108.5(3) C(72)-C(73)-C(77) 119.9(3) 
C(15)-C(16)-C(17) 109.6(3) C(75)-C(74)-C(73) 118.2(3) 
N(12)-C(17)-C(16) 114.6(3) C(74)-C(75)-C(76) 120.8(3) 
N(42)-B(20)-N(32) 109.3(2) C(74)-C(75)-C(78) 118.7(3) 
N(42)-B(20)-N(22) 108.7(2) C(76)-C(75)-C(78) 120.5(3) 
N(32)-B(20)-N(22) 107.6(2) C(75)-C(76)-C(71) 122.0(3) 
C(25)-N(21)-N(22) 106.3(2) F(72)-C(77)-F(71) 107.5(3) 
C(25)-N(21)-W(1) 133.7(2) F(72)-C(77)-F(73) 106.3(3) 
N(22)-N(21)-W(1) 119.30(17) F(71)-C(77)-F(73) 104.8(3) 
C(23)-N(22)-N(21) 110.1(2) F(72)-C(77)-C(73) 112.4(3) 
C(23)-N(22)-B(20) 129.7(2) F(71)-C(77)-C(73) 113.7(3) 
N(21)-N(22)-B(20) 120.0(2) F(73)-C(77)-C(73) 111.6(3) 
N(22)-C(23)-C(24) 107.4(3) C(86)-C(81)-C(82) 115.5(3) 
N(22)-C(23)-C(26) 122.8(3) C(86)-C(81)-B(50) 123.9(3) 
C(24)-C(23)-C(26) 129.8(3) C(82)-C(81)-B(50) 119.6(2) 
C(25)-C(24)-C(23) 106.8(3) C(83)-C(82)-C(81) 122.7(3) 
N(21)-C(25)-C(24) 109.4(3) C(84)-C(83)-C(82) 120.2(3) 
N(21)-C(25)-C(27) 123.9(3) C(84)-C(83)-C(87) 119.9(3) 
C(24)-C(25)-C(27) 126.7(3) C(82)-C(83)-C(87) 119.9(3) 
C(35)-N(31)-N(32) 106.6(2) C(85)-C(84)-C(83) 118.6(3) 
C(35)-N(31)-W(1) 132.91(19) C(84)-C(85)-C(86) 120.8(3) 
N(32)-N(31)-W(1) 120.03(17) C(84)-C(85)-C(88) 119.1(3) 
C(33)-N(32)-N(31) 110.0(2) C(86)-C(85)-C(88) 120.0(3) 
C(33)-N(32)-B(20) 130.6(2) C(85)-C(86)-C(81) 122.1(3) 
N(31)-N(32)-B(20) 119.4(2) F(181)-C(87)-F(183) 123.9(9) 
N(32)-C(33)-C(34) 107.6(3) F(181)-C(87)-F(82) 48.2(9) 
N(32)-C(33)-C(36) 122.5(3) F(183)-C(87)-F(82) 124.6(7) 
C(34)-C(33)-C(36) 129.9(3) F(181)-C(87)-F(83) 127.3(6) 
C(33)-C(34)-C(35) 106.8(3) F(183)-C(87)-F(83) 20.6(9) 
N(31)-C(35)-C(34) 109.0(3) F(82)-C(87)-F(83) 109.7(6) 
N(31)-C(35)-C(37) 124.2(3) F(181)-C(87)-F(182) 99.9(9) 
C(34)-C(35)-C(37) 126.7(3) F(183)-C(87)-F(182) 93.0(8) 
C(45)-N(41)-N(42) 107.0(2) F(82)-C(87)-F(182) 52.2(5) 
C(45)-N(41)-W(1) 132.7(2) F(83)-C(87)-F(182) 72.4(7) 
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N(42)-N(41)-W(1) 120.11(17) F(181)-C(87)-F(81) 55.4(10) 
C(43)-N(42)-N(41) 109.3(2) F(183)-C(87)-F(81) 82.0(7) 
C(43)-N(42)-B(20) 129.6(3) F(82)-C(87)-F(81) 100.7(4) 
N(41)-N(42)-B(20) 121.1(2) F(83)-C(87)-F(81) 98.9(5) 
N(42)-C(43)-C(44) 107.8(3) F(182)-C(87)-F(81) 142.2(5) 
N(42)-C(43)-C(46) 122.7(3) F(181)-C(87)-C(83) 115.9(4) 
C(44)-C(43)-C(46) 129.5(3) F(183)-C(87)-C(83) 112.8(6) 
C(43)-C(44)-C(45) 107.2(3) F(82)-C(87)-C(83) 117.0(4) 
N(41)-C(45)-C(44) 108.7(3) F(83)-C(87)-C(83) 116.4(5) 
N(41)-C(45)-C(47) 122.8(3) F(182)-C(87)-C(83) 105.0(4) 
C(44)-C(45)-C(47) 128.5(3) F(81)-C(87)-C(83) 111.5(3) 
C(71)-B(50)-C(51) 113.0(2) F(85)-C(88)-F(86) 105.9(4) 
C(71)-B(50)-C(81) 113.9(2) F(85)-C(88)-F(84) 106.5(3) 
C(51)-B(50)-C(81) 102.3(2) F(86)-C(88)-F(84) 105.0(3) 
C(71)-B(50)-C(61) 102.2(2) F(85)-C(88)-C(85) 112.1(3) 
C(51)-B(50)-C(61) 112.2(2) F(86)-C(88)-C(85) 113.5(3) 
C(81)-B(50)-C(61) 113.8(2) F(84)-C(88)-C(85) 113.2(3) 
C(52)-C(51)-C(56) 115.9(3) F(166)-F(64)-C(68) 59.2(5) 
C(52)-C(51)-B(50) 124.0(2) F(165)-F(66)-C(68) 85.7(9) 
C(56)-C(51)-B(50) 119.8(2) F(165)-F(66)-F(166) 146.8(11)
C(51)-C(52)-C(53) 122.3(3) C(68)-F(66)-F(166) 62.0(5) 
C(54)-C(53)-C(52) 120.6(3) F(66)-F(165)-C(68) 55.9(6) 
C(54)-C(53)-C(57) 119.8(3) F(64)-F(166)-F(66) 128.1(8) 
C(52)-C(53)-C(57) 119.4(2) F(64)-F(166)-C(68) 74.8(6) 
C(53)-C(54)-C(55) 118.2(3) F(66)-F(166)-C(68) 56.8(4) 
C(56)-C(55)-C(54) 121.0(3) F(181)-F(81)-C(87) 50.1(4) 
C(56)-C(55)-C(58) 120.4(3) F(181)-F(81)-F(183) 86.6(6) 
C(54)-C(55)-C(58) 118.6(3) C(87)-F(81)-F(183) 43.1(4) 
C(55)-C(56)-C(51) 122.0(3) F(181)-F(82)-F(182) 130.5(9) 
F(53)-C(57)-F(51) 106.2(2) F(181)-F(82)-C(87) 59.9(6) 
F(53)-C(57)-F(52) 106.3(2) F(182)-F(82)-C(87) 71.6(5) 
F(51)-C(57)-F(52) 105.4(2) C(87)-F(83)-F(182) 57.5(6) 
F(53)-C(57)-C(53) 113.4(2) F(82)-F(181)-C(87) 71.9(7) 
F(51)-C(57)-C(53) 111.6(2) F(82)-F(181)-F(81) 139.3(9) 
F(52)-C(57)-C(53) 113.4(2) C(87)-F(181)-F(81) 74.4(9) 
F(56)-C(58)-F(55) 107.5(3) F(82)-F(182)-C(87) 56.2(4) 
F(56)-C(58)-F(54) 105.9(3) F(82)-F(182)-F(83) 94.8(6) 
F(55)-C(58)-F(54) 104.8(3) C(87)-F(182)-F(83) 50.0(4) 
F(56)-C(58)-C(55) 113.7(3) C(87)-F(183)-F(81) 54.9(5) 
F(55)-C(58)-C(55) 112.6(3) F(75)-C(78)-F(74) 107.2(3) 
F(54)-C(58)-C(55) 111.8(3) F(75)-C(78)-F(76) 103.7(3) 
C(66)-C(61)-C(62) 115.9(3) F(74)-C(78)-F(76) 104.9(3) 
C(66)-C(61)-B(50) 124.0(2) F(75)-C(78)-C(75) 113.9(3) 
C(62)-C(61)-B(50) 119.4(2) F(74)-C(78)-C(75) 113.2(3) 




Table 4.18  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for complex 9a. 
 
                                             x                      y                       z                    U(eq)  
W(1) 9519(1) 4483(1) 6043(1) 18(1) 
C(1) 9418(2) 5446(3) 5626(1) 28(1) 
O(2) 9316(2) 5993(2) 5374(1) 41(1) 
C(3) 7639(2) 4364(3) 5352(1) 31(1) 
C(4) 8244(2) 4202(2) 5711(1) 23(1) 
C(5) 8215(2) 3749(2) 6029(1) 20(1) 
C(6) 7530(2) 3241(2) 6247(1) 22(1) 
C(7) 7651(2) 3332(2) 6625(1) 24(1) 
C(8) 6978(2) 2888(2) 6830(1) 28(1) 
C(9) 6182(2) 2347(3) 6662(1) 33(1) 
C(10) 6047(3) 2261(3) 6285(1) 37(1) 
C(11) 6715(2) 2697(3) 6077(1) 29(1) 
N(12) 10421(2) 3378(2) 5775(1) 23(1) 
C(13) 11305(2) 3111(2) 5916(1) 28(1) 
C(14) 12000(3) 2455(3) 5736(1) 43(1) 
C(15) 11720(3) 2353(3) 5327(1) 43(1) 
C(16) 10634(2) 2134(3) 5257(1) 33(1) 
C(17) 10073(2) 3044(3) 5397(1) 29(1) 
B(20) 10478(2) 5126(3) 6877(1) 22(1) 
N(21) 10915(2) 5281(2) 6230(1) 22(1) 
N(22) 11209(2) 5361(2) 6599(1) 22(1) 
C(23) 12135(2) 5713(2) 6655(1) 27(1) 
C(24) 12450(2) 5873(3) 6316(1) 30(1) 
C(25) 11679(2) 5614(2) 6060(1) 26(1) 
C(26) 12670(2) 5854(3) 7028(1) 40(1) 
C(27) 11655(2) 5697(3) 5655(1) 35(1) 
N(31) 9940(2) 3480(2) 6532(1) 19(1) 
N(32) 10263(2) 3939(2) 6861(1) 19(1) 
C(33) 10375(2) 3199(2) 7126(1) 24(1) 
C(34) 10115(2) 2245(2) 6966(1) 25(1) 
C(35) 9851(2) 2439(2) 6596(1) 22(1) 
C(36) 10742(3) 3454(3) 7512(1) 36(1) 
C(37) 9501(2) 1653(2) 6313(1) 31(1) 
N(41) 9020(2) 5608(2) 6423(1) 22(1) 
N(42) 9529(2) 5734(2) 6764(1) 23(1) 
C(43) 9051(2) 6427(2) 6957(1) 29(1) 
C(44) 8223(2) 6742(2) 6741(1) 32(1) 
C(45) 8218(2) 6227(2) 6409(1) 28(1) 
C(46) 9433(3) 6769(3) 7335(1) 38(1) 
C(47) 7471(2) 6279(3) 6085(1) 35(1) 
B(50) 4617(2) 8893(2) 6205(1) 18(1) 
C(51) 4194(2) 9345(2) 5800(1) 19(1) 
C(52) 4581(2) 10212(2) 5636(1) 18(1) 
C(53) 4144(2) 10638(2) 5309(1) 19(1) 
C(54) 3308(2) 10187(2) 5128(1) 23(1) 
C(55) 2904(2) 9328(2) 5288(1) 27(1) 
C(56) 3328(2) 8924(2) 5617(1) 22(1) 
C(57) 4540(2) 11632(2) 5168(1) 22(1) 
C(58) 1993(3) 8840(3) 5096(1) 41(1) 
C(61) 4675(2) 7599(2) 6214(1) 18(1) 
C(62) 4915(2) 7081(2) 6548(1) 20(1) 
C(63) 5105(2) 6006(2) 6569(1) 22(1) 
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C(64) 5054(2) 5392(2) 6256(1) 26(1) 
C(65) 4819(2) 5887(2) 5923(1) 24(1) 
C(66) 4641(2) 6970(2) 5903(1) 20(1) 
C(67) 5425(2) 5491(2) 6929(1) 28(1) 
C(68) 4762(3) 5256(3) 5577(1) 38(1) 
C(71) 5759(2) 9228(2) 6329(1) 18(1) 
C(72) 6461(2) 9122(2) 6085(1) 21(1) 
C(73) 7457(2) 9236(2) 6194(1) 24(1) 
C(74) 7796(2) 9454(2) 6555(1) 24(1) 
C(75) 7116(2) 9565(2) 6802(1) 23(1) 
C(76) 6118(2) 9463(2) 6690(1) 21(1) 
C(77) 8176(2) 9127(3) 5921(1) 36(1) 
C(81) 3839(2) 9386(2) 6467(1) 19(1) 
C(82) 3885(2) 10459(2) 6556(1) 24(1) 
C(83) 3157(2) 10967(3) 6722(1) 28(1) 
C(84) 2343(2) 10414(3) 6806(1) 32(1) 
C(85) 2276(2) 9357(3) 6723(1) 31(1) 
C(86) 3013(2) 8851(2) 6558(1) 24(1) 
C(87) 3242(3) 12122(3) 6803(1) 43(1) 
C(88) 1406(3) 8749(3) 6816(1) 49(1) 
F(51) 4215(2) 12476(1) 5331(1) 47(1) 
F(52) 5513(1) 11695(2) 5224(1) 43(1) 
F(53) 4297(2) 11772(2) 4812(1) 48(1) 
F(54) 2167(2) 8355(2) 4784(1) 72(1) 
F(55) 1303(1) 9550(2) 4993(1) 44(1) 
F(56) 1601(2) 8123(2) 5291(1) 104(1) 
F(61) 6384(1) 5296(2) 6972(1) 40(1) 
F(62) 4982(2) 4565(2) 6967(1) 43(1) 
F(63) 5236(2) 6083(2) 7214(1) 38(1) 
F(64) 5354(5) 5768(4) 5336(1) 50(1) 
F(65) 5250(12) 4360(10) 5608(4) 51(3) 
F(66) 3967(5) 5168(8) 5405(2) 63(2) 
F(164) 5381(10) 4532(11) 5579(5) 66(4) 
F(165) 3870(6) 4637(7) 5560(3) 82(3) 
F(166) 4574(10) 5785(5) 5284(2) 104(4) 
F(71) 7870(1) 8500(2) 5642(1) 37(1) 
F(72) 9032(2) 8769(3) 6068(1) 93(1) 
F(73) 8351(2) 10052(2) 5767(1) 67(1) 
F(81) 3615(4) 12693(3) 6507(1) 31(1) 
F(82) 3853(4) 12398(4) 7070(1) 34(1) 
F(83) 2415(4) 12638(7) 6813(3) 58(3) 
F(181) 4020(6) 12473(6) 6816(5) 192(8) 
F(182) 3078(11) 12221(6) 7182(2) 142(4) 
F(183) 2504(8) 12604(8) 6696(4) 112(5) 
F(84) 616(2) 9343(2) 6829(1) 65(1) 
F(85) 1574(2) 8278(3) 7135(1) 120(2) 
F(86) 1128(2) 7999(2) 6578(1) 88(1) 
C(78) 7475(2) 9780(2) 7193(1) 29(1) 
F(74) 8297(2) 9292(2) 7305(1) 63(1) 
F(76) 6847(2) 9470(3) 7423(1) 76(1) 
F(75) 7610(3) 10779(2) 7268(1) 81(1) 
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